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ABSTRACT 
The TMG Aquifer is one of the largest aquifer systems in the country and is currently targeted 
as a potential source of potable water for the City of Cape Town (CoCT) in times of water 
stress. This study has aimed to provide proper constraints on turnover time of groundwater in 
the aquifer system before large-scale abstraction takes place, in order to evaluate the 
sustainability of the resource. This study has used the 3H/3He system to date modern water 
(<100 years) and 14C to date older groundwater (>500 years). Groundwater residence times 
were determined for six aquifers in the Western Cape, namely the alluvial, Witteberg, 
Bokkeveld, TMG, Cape Granite Suite (CGS) and Malmesbury aquifers. Noble gas and 
radiocarbon dating of the TMG Aquifer range from 0.3 – 44.6 and <70 – 1 626 years, 
respectively. Residence times calculated for the alluvial aquifer are also relatively young, 
ranging from 0.0 – 1 783 years. Good correlation between 3H/3He and 14C ages indicate 
relatively short residence times for the alluvial and TMG aquifers whereas groundwater from 
the Witteberg (6 699 years), Bokkeveld (58.5 – 6 038 years), CGS (3.7 – 8 648 years) and 
Malmesbury (45.5 – 11 146 years) aquifers indicate mixing of older water bodies with modern 
recharge resulting in distinctly different ages derived from the two dating systems. Noble gas 
recharge temperatures (9.4 – 28.6°C), 3H and 14C activities suggest that groundwater in the 
region is primarily recharged at high elevations, but also that rainfall events further down the 
flow path at lower elevations, make substantial contributions to groundwater recharge. 
Evaluation of isotopic tracers and basic chemistry have led to the identification of potential 
proxies for residence time, namely pH, HCO3- concentrations and Ca/Mg ratios. These 
components can be used to make assumptions on groundwater residence times without the 
costly process of analysis. Residence times indicate short turnover times for groundwater in 
the TMG Aquifer (typically <130 years) which suggest that the aquifer would be susceptible to 
climate change. Projected reductions in precipitation and regular occurrences of droughts 
would likely diminish groundwater supplies in the aquifer system. If large-scale abstraction 
does commence, this needs to be factored into abstraction regimes as unsustainable 
abstraction practices could lead to groundwater depletion. 
Keywords: groundwater residence times, TMG Aquifer, tritium, radiocarbon, recharge, mixing 
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1 PROJECT OVERVIEW 
Due to population growth and increased urbanization, the population of the City of Cape Town 
(CoCT) has grown rapidly over the past two decades to over 4 million residents (Battersby, 
2016; Western Cape Government, 2017). As the urban population continues to steadily rise, 
increasing pressure is placed on the City to meet the demand for potable water as it is rapidly 
reaching capacity of its current water resources (Joubert et al., 2003). The CoCT relies almost 
exclusively on surface water to supply clean water to its residents as 95% of freshwater is 
sourced from a regional, integrated surface water system (City of Cape Town, 2019). The 
surface water is stored in a number of dams which are vulnerable to evaporative and seepage 
losses as well as changes in precipitation, effectively reducing water supply (Graf, 1999). 
Historical rainfall data indicates that there has been a decrease in the mean annual 
precipitation (MAP) for Cape Town accompanied by an increase in rainfall intensity (Van 
Wageningen and Du Plessis, 2007; Mahlalela et al., 2019). Although climate varies naturally 
through time, the industrial activities of the last two centuries are having an unprecedented 
effect on climatic conditions and will continue to do so into the future (Benhin, 2006). It is 
suggested that climate change will cause increased variability in precipitation patterns as well 
as an increased frequency in extreme conditions (such as droughts and floods) and an 
increase in temperature across the country (Hewitson and Crane, 2006; Wolski et al., 2018). 
Studies attempting to predict the change in rainfall patterns for the intermediate future (2040 
– 2100) confirmed that the western region of South Africa and its adjacent interior will receive 
less rainfall and have higher variability (Lumsden et al., 2009; Mahlalela et al., 2019). 
Predictions of decreased precipitation coupled with the looming threat of increased occurrence 
and severity of droughts, has led to the targeting of groundwater resources as a way to 
supplement the municipal supply (Joubert et al., 2003). 
Groundwater – generalised as the water in pore spaces of subsurface soils and rocks or 
fractures in rocks beneath the Earth’s surface (Shanahan, 2009) – currently makes up 16% of 
water usage in South Africa (DWAF, 2006). This resource is often less susceptible to 
Stellenbosch University https://scholar.sun.ac.za
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contamination and has been considered more resilient to drought (Kundzewicz and Döll, 
2009). As a result, it is becoming an increasingly valuable resource for water users in the 
domestic and agricultural sectors of South Africa (City of Cape Town, 2019). Despite a number 
of aquifers systems present in the Western Cape, these aquifers often have variable chemistry 
and yields (Rosewarne, 2002). Groundwater in the Table Mountain Group (TMG) Aquifer, 
however, is considered to be some of the best quality groundwater in the country with respect 
to electrical conductivity (EC) and total dissolved solids (TDS) (Rosewarne, 2002). The aquifer 
has a large areal extent, of which approximately 37 000 km2 outcrops at the surface in close 
proximity to many of the City’s dams (Xu et al., 2009). As a result, the TMG Aquifer system 
has been targeted as an ideal source for supplementation due to its high quality and the 
relative ease with which it could be incorporated into dam infrastructure. 
The TMG fractured rock aquifer (FRA) system is recognised as the second largest aquifer in 
South Africa in terms of yield and spatial extent (Weaver et al., 1999). The aquifer has low 
primary porosity and permeability of the aquifer (Rosewarne and Weaver, 2002), but recharge, 
flow and storage of groundwater are controlled by a network of fractures in the rock unit that 
has formed through extensive folding and faulting (De Beer, 2002a). As these highly fractured 
units are predominantly exposed in mountainous high-rainfall regions (Rosewarne, 2002), 
recharge is estimated to be as high as 15% of mean annual precipitation (Weaver et al., 1999; 
Watson et al., 2018). The volume of water stored in the aquifer has been estimated to be on 
the order of 9 x 108 m3 (Xu et al., 2009). High yielding thermal springs prove there is deep-
seated flow and boreholes drilled to depths of 200 m provide evidence of a shallow-seated 
aquifer (Weaver et al., 1999). Further isotope and chemistry work by Weaver et al. (1999) 
provide evidence of a medium-seated aquifer, introducing the possibility of large-scale 
abstraction. Despite current abstraction being only approximately 5% of potential yield (Xu et 
al., 2009), localised reductions of water levels in areas of the TMG Aquifer have led to 
concerns regarding the overestimation of its potential yield (Jolly and Kotze, 2002). 
Hydrological modelling and satellite images have revealed distressing rates of groundwater 
depletion (GWD) across the world (Rodell et al., 2009; Famiglietti, 2014; Wada et al., 2014). 
GWD compromises water resources for future generations and is associated with numerous 
issues. Decreased base flow may cause irreversible ecological effects through the drying up 
of rivers and wetlands (Doell et al., 2014). The subsequent decrease in groundwater storage 
may result in land subsidence (Konikow and Kendy, 2005), as well as seawater intrusion which 
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effectively compromises the quality of remaining groundwater supplies (Aris et al., 2007). A 
decline in groundwater supplies may also have several indirect effects which include putting 
crop and other food production at risk (Doell et al., 2014). When GWD occurs, groundwater is 
no longer considered a renewable resource, but rather a non-renewable one (Doell at al., 
2014). The majority of cases of GWD occur in arid to semi-arid regions where runoff and 
groundwater recharge are generally low and large amounts of water are used for crop 
production (Margat et al., 2006). Although abstraction from the TMG Aquifer is still relatively 
low, the above issues serve as a forewarning regarding the consequences of over abstraction 
to the CoCT which is still developing the full potential of its groundwater resources (DWAS, 
2006). 
Evaluation of the feasibility of large-scale abstraction from the TMG Aquifer is still underway 
and monitoring of exploratory boreholes has occurred for well over a decade (Woodford, 2000; 
Kotze, 2000). These feasibility studies on the aquifer have provided estimates of recharge 
rates and locations (Kotze, 2002; Hartnady and Hay, 2000; Parsons, 2002), groundwater flow 
paths and volumes as well as the target units for groundwater abstraction (Rosewarne and 
Weaver, 2002). However, despite, the research done on the mechanics of the aquifer, little 
research has been conducted on the groundwater residence times which remain poorly 
constrained. This is partly because of the difficulty in identifying suitable dating tracers in 
groundwater with such low TDS values. 
The residence time – or ‘groundwater age’ – refers to the time elapsed between when water 
enters the saturated zone and when it was sampled at a particular site (Torgersen et al., 
2013). Both stable and radioactive isotopes are often used as indicators of mean residence 
time. Most estimates of residence times for the TMG Aquifer have been made based on stable 
hydrogen and oxygen isotope systematics in springs and their relationship to the same 
isotopes in precipitation (Harris et al., 1999; Diamond and Harris, 2000; Harris et al., 2010; 
Diamond and Harris, 2019). Comparison between the two sources found that cold spring δD 
and δ18O values are closely related to the weighted mean annual rainfall values in the area. It 
was concluded that recharge in cold springs are fairly rapid, effectively occurring within three 
years (Harris et al., 2010). This, however, does not provide quantitative estimates of residence 
time.  
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Radiocarbon (14C) is widely used to date older groundwater ranging up to 50 000 years in age 
(Van der Plicht, 2002). 14C, however, is chemically active in groundwater. Therefore, 
knowledge regarding the processes affecting dissolved inorganic carbon along the 
groundwater flow path is required in order to convert activities into ages (Clark and Fritz, 
1997). However, despite this difficulty in calibrating radiocarbon ages to calendar ages, the 
14C activity still provides meaningful insight into mean residence times. Work done by Weaver 
et al. (1999) and Miller et al. (2017) indicate that the TMG is often too young to be resolved by 
radiocarbon as efforts to use the tracer have yielded values between 99 and 115 percent 
modern carbon (pMC), implying ages younger than 1950, for which radiocarbon does not 
provide adequate resolution (Weaver et al., 1999; Miller et al., 2017). This can be countered 
by the use of tritium (3H) in conjunction with its daughter product, helium-3 (3He), which can 
accurately date modern ground waters that have been recharged within the last 50 years 
(Solomon and Sudicky, 1991). 
The aim of this study is to determine residence times for groundwater of the TMG Aquifer by 
using 3H/3He isotope ratios which can provide ages with a 2.5% accuracy on groundwater that 
has been recharged within the last 50 years. Radiocarbon will be used as a secondary tracer 
to constrain residence times for groundwater that has been recharged prior to 1950 (Stuiver 
and Polach, 1977) as well as to determine whether there has been mixing between older and 
younger waters. A small sample set for the Malmesbury, Cape Granite Suite (CGS), 
Bokkeveld, Witteberg and alluvial aquifers will be analysed for comparison as well. 
Constraining residence times for the TMG Aquifer in the Western Cape will assist with 
determining whether there is a sustainable future in large-scale abstraction from this aquifer 
as proper management of this resource should maximise current supply without sacrificing 
future supply. 
Before any conclusions on the implications for sustainability of the TMG Aquifer can be drawn, 
a working definition of the term “sustainable” needs to be established. In the context of this 
project, sustainability is defined as the management and protection of groundwater resources 
and any related ecosystems in a manner which maximises the current supply without 
compromising the future integrity of the resource (Loucks and Gladwell, 1999; Maimone, 2002; 
Gordon, 2011). Sustainable management of groundwater resources would protect supplies 
from depletion as well as from any possible forms of contamination. Additionally, any 
ecosystems that are fed by groundwater need to be conserved, particularly wetlands and 
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rivers. Sustainable use is ultimately reliant on good governance of water resources (CCA, 
2009). Unsustainable practices would therefore compromise the resource as well as its 
environmental, economic and social potential. 
 
1.1 Problem Statement 
The TMG has been delineated as having sufficient supplies to provide water to the CoCT in 
times of water stress. Several previous studies in localised regions of the aquifer, however, 
suggest that the groundwater is relatively young. Quick turnaround times of groundwater 
across the entire aquifer may suggest greater susceptibility to climate change and 
consequently, the level of abstraction that can sustainably occur. Therefore, before large-scale 
abstraction can commence, proper constraints on the residence time(s) of groundwater in the 
aquifer system are required. 
Residence time is an essential descriptor of hydrology, providing evidence of groundwater 
recharge zones, flow pathways and storage in a single integrated measure (McGuire et al., 
2005). Understanding the distribution of residence times in large watersheds may have 
significant implications for the predictability of groundwater transport and processes (Maxwell 
et al., 2016). As residence time studies are not often conducted on a regional scale, outcomes 
in this study could likely be applied to similar semi-arid regions around the world where water 
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1.2 Study Objectives 
The central aim of this study is to determine the residence time of groundwater in the TMG 
aquifer and how the residence time varies spatially. Context is provided by assessing the 
residence time of other aquifers in the region. To achieve this aim, the following objectives 
have been identified: 
 
Key Objective 1: To characterise 3H and 14C activities of groundwater in the TMG Aquifer and 
its surrounding aquifer systems. 
- What is the range of 3H/3He ratios and 14C activities across the six aquifers? 
- Is there a spatial distribution of 3H/3He ratios and 14C activities and do these show a 
relationship to different aquifer units within the TMG? 
- How do 3H/3He ratios and 14C activities in the TMG compare to those of other aquifer 
systems? 
 
Key Objective 2: To calculate residence times of groundwater within the TMG and its 
surrounding aquifers. 
- How do residence times calculated from the 3H/3He and 14C systems compare to one 
another? 
- What is the analytical accuracy and precision of apparent ages? 
- Is it possible to assess the residence time of groundwater from other isotopic and 
chemical tracers and can a residence time proxy be identified? 
 
Key Objective 3: To evaluate the vulnerability of TMG groundwater to future climate change. 
- Is it possible to distinguish groundwater mixing between different aquifer systems and 
how does mixing impact on residence times? 
- How does the residence time of the TMG groundwater compare to various recharge 
estimates and what are the implications for turnover of the groundwater system? 
- Based on calculated groundwater residence times, how sustainable is the TMG 
groundwater system and is it a viable source of long-term water security to the City of 
Cape Town? 
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1.3 Water resources in the Western Cape 
1.3.1 Water Supply 
Cape Town is the provincial capital of the Western Cape and home to over 4 million people 
(City of Cape Town, 2017). In an average year, approximately 60% of the City’s water is 
allocated to the City and its residents whilst 30% is allocated to the agricultural sector (City of 
Cape Town, 2019). The municipal water supply is sourced almost entirely from surface water 
through the infrastructure of six major dams (Table 1, Fig. 1) (City of Cape Town, 2019). These 
dams are recharged by precipitation that falls in the winter season. Complete reliance on 
precipitation posed a serious problem for the City during the 2015 – 2017 drought (Mahlalela 
et al., 2019). Collective dam levels had dropped alarmingly close to 20% by 2018 and it was 
predicted that the city would run out of water by April of that year (Fig. 2) (DWAS, 2018). With 
“Day Zero” imminent, strict water restrictions were enforced. Through widespread awareness 
campaigns, restricted water supply and a commendable effort from the citizens of Cape Town, 
daily domestic water use was reduced by almost 50%. Despite falling short of the 450 ML per 
day target, water usage had decreased from 980 ML in 2016 to just less than 500 ML in early 
2018 (City of Cape Town, 2019). 
Due to sufficient rainfall in the 2018 wet season, subsequent recovery of the dam levels 
resulted in the indefinite postponement of Day Zero. Although recovery of the dams resulted 
in the restrictions being somewhat lightened, it is evident that the city can no longer rely solely 
on surface water supplies. Unpredictable precipitation patterns attributed to climate change 
means long-term water security in the region is uncertain and the City of Cape Town continues 
to investigate options for augmentation of the water supply (City of Cape Town, 2019). 
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Table 1 – The storage capacity of the six major dams servicing the City of Cape Town (from City of 
Cape Town, 2017). 
   
Figure 1 – Locations of the six major dams which supply potable water to the City of Cape Town 
(Sinclair-Smith and Winter, 2019). 
1.3.2 Water Supply Augmentation 
In response to the serious crisis, a number of water augmentation initiatives are being 
investigated by the City of Cape Town. The first priority is to augment the municipal water 
supply with groundwater from the Cape Flats, Atlantis and Table Mountain Group aquifers. 
Groundwater abstraction from the Cape Flats Aquifer has been implemented for decades but 
will be expanded whilst the Atlantis and TMG aquifers are still being investigated. The City 
aims to collectively abstract a minimum of 100 ML per day from these aquifers (DWAS, 2018). 
In order to incorporate an additional 120 ML per day, the viability of a desalinization plant is 
being investigated through plans to implement a small-scale pilot operation at Koeberg 
(DWAS, 2018). As desalinization is by far the costliest option, wastewater treatment and re-
use thereof appears to be a viable option that is capable of providing 70 ML/day (DWAS, 
2018). The City has further confirmed that there are plans in place to increase surface water 
supplies by 23 Mm3 (60 ML/day) by transferring water to the Voëlvlei Dam from the Berg River 
catchment (DWAS, 2018). Of the above options that are currently being investigated, 





Berg River 130 010 14,5
Steenbras Lower 33 517 3,7
Steenbras Upper 31 767 3,5
Theewaterskloof 480 188 53,5
Voëlvlei 164 095 18,3
Wemmershoek 58 644 6,5
898 221 100 
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Figure 2 – Satellite imagery illustrating the storage of the Theewaterskloof Dam at A) the start of 
the drought in February 2015 and B) three years into the drought in January 2018. Images 
courtesy of Planet Labs Inc. (2018). 
1.3.3 Groundwater Use  
Currently, a number of towns depend solely on the TMG Aquifer for water, including 
Steytlerville, Jeffrey’s Bay, Bredasdorp, Botrivier and Lamberts Bay whilst a number of towns 
are also partially dependent on this aquifer during the summer season (Lin, 2007). Published 
data on current (post-2015) groundwater usage from the TMG Aquifer is unavailable, however, 
the most recent data states that the annual usage of TMG groundwater is approximately 5.56 
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entire groundwater discharge (1.3 x 109 m3) of the aquifer system (DWAF, 2002; Jia, 2007). 
Approximately 68% of the groundwater abstracted from the TMG is used for irrigation, 20% of 
thermal water for holiday resorts, and only 12% is used for municipalities (Lin, 2007). Other 
minor users are the smaller scale farmers, homesteads and stock farms (Rosewarne, 2002; 
Jia, 2007). 
1.4 Residence Time Determination 
Groundwater residence time – or its ‘idealised age’ – refers to the time elapsed between when 
water has entered the groundwater system and when it was sampled at a specific location 
(Torgerson et al., 2013). The Mean Residence Time (MRT) of groundwater provides valuable 
insight into groundwater origin, recharge and exchange with aquifer host rocks (Kralik, 2015). 
Multiple environmental radioisotopes are often used to determine groundwater residence 
times. Recharge of groundwater occurs mainly through the addition of meteoric water which 
contains concentrations of environmental radioisotopes (Balek, 1988; Phillips and Castro, 
2003) (Fig. 3). These isotopes enter the groundwater reservoir through recharge and once 
atmospherically isolated, isotopic concentrations begin to decay. Groundwater that has been 
recharged at a source, is subject to the interconnectedness of pore spaces, fractures and 
forces of dispersion, creating multipath routes between the recharge zone and discharge zone, 
effectively altering the true residence time (Fig. 4). The time elapsed between recharge and 









) (Eq. 1) 
 
where  𝑎𝑅 is the radiometric age; 
 𝜆 is the radioactive decay constant; 
 𝑐0 is the initial isotope concentration; and  
 𝑐 is the measured isotope concentration. 
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In this study, 3H, 3He and 14C are used to determine groundwater residence times and are 
described below. 
 




Figure 4 – Groundwater packages can flow along various paths between 
the point of recharge and the point of discharge (Δx), effectively altering 
the mean groundwater residence time (Torgerson et al., 2013). 
1.4.1 Tritium and Tritogenic Helium 
Tritium (3H), the radioactive isotope of hydrogen, is produced in the upper atmosphere through 
cosmic ray bombardment of nitrogen-14 (Fontes, 1985), which can be represented by:  
14N + n0 → 3H + 12C 
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Tritium is then oxidised in the atmosphere to form H2O, which subsequently enters the natural 
water cycle in the form of precipitation (Fontes, 1985). 3H concentrations are expressed in 
ratio to total hydrogen (H) as ‘Tritium Units’ (TU) where 1 TU = 3H/H ~ 10-18 (Taylor and 
Roether, 1982).  Natural atmospheric levels of tritium were artificially elevated due to the onset 
of nuclear weapons testing in the northern hemisphere in 1952 (Mook and Rozanski, 2000), 
resulting in ‘bomb peak’ levels during 1962 – 1964 (Michel, 1989). The resultant 
concentrations in precipitation reached levels in the range of thousands of TU whereas prior 
to weapons testing, natural atmospheric concentrations ranged between 2 – 8 TU (Ferronskiĭ 
and Poliakov, 1982; Mook and Rozanski, 2000). This clearly identifiable bomb peak 
concentration has been used as a valuable tracer in groundwater systems to date decadal 
waters that have been recharged after the onset of nuclear weapons testing, particularly in the 
northern hemisphere (Schlosser et al., 1988; Michel, 1989; Michel, Jurgens and Young, 2018). 
This anthropogenic increase, however, was significantly lower in the tropics and even more 
so in the southern hemisphere (Mook and Rozanski, 2000). Now that bomb peak 
concentrations have decayed and tritium levels have returned to background ‘pre-bomb’ 
values (Tadros et al., 2014), the use of tritium as a dating tool becomes increasingly limited. 
Tritium, which has a half-life of 12.32 years (Lucas and Unterweger, 2000), decays via β- 
decay to the noble gas isotope, 3He (Kamensky, Tokarev and Tolstikhin, 1991) (Fig. 5). The 
presence of 3H in groundwater is evidence for active recharge (Clark and Fritz, 1997), however 
due to its short half-life, 3H is limited to dating ‘young’ waters as water recharged prior to 1952 
has tritium concentrations close to zero (Mook and Rozanski, 2000) However, the combined 
measurement of both tritium and its daughter product, 3He, provides a much more accurate 
dating system as it minimises the uncertainty of the input tritium concentration (Takaoka and 
Mizutani, 1987; Schlosser et al., 1989; Dajun and Hao, 2001). Assuming that dispersion is 
negligible, simultaneous measurement of both isotopes allows for the determination of the 
initial tritium concentration before atmospheric isolation and the onset of decay (Ekwurzel et 
al., 1994).  
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Figure 5 – In a closed system, tritium (red) decreases 
in an equal proportion to what tritogenic helium (blue) 
forms (Evolution, 2007). 
Helium – which has two stable isotopes, namely 3He and 4He – is an excellent hydrological 
tracer due to its conservative nature (Gupta, Moravcik and Lau, 1994). In groundwater, helium 
can be derived from four main sources: the atmosphere (3He/4He ~ 1.38 x 10-6) (Clarke et al., 
1976), crust (3He/4He ≤ 10-7), mantle (3He/4He ~ 10-5) (Craig and Lupton, 1981) and most 
importantly, the decay of tritium (Kamensky, Tokarev and Tolstikhin, 1991). If dispersion is 





∗ ( 1 + 
[ 𝐻𝑒3 𝑡𝑟𝑖𝑡]
[ 𝐻3 ]
) (Eq. 2) 
 
where 𝜆 is the decay constant (0.0556 yr-1), 𝐻𝑒3  is the concentration of tritogenic helium and 
𝐻3  is the tritium concentration (Tolstikhin and Kamensky, 1969; Beyerle et al., 1999). In order 
to derive an accurate age from this dating system, it is important to isolate the tritogenic helium 







3  (Eq. 3.1) 
where 𝐻𝑒𝑒𝑞
3  refers to solubility equilibrium concentration of the groundwater which is 
determined by the water temperature and the ambient pressure during recharge (Beyerle et 
al., 1999); 𝐻𝑒𝑒𝑥𝑐
3  is the helium component attributed to excess air and 𝐻𝑒𝑡𝑒𝑟𝑟
3  refers to 
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terrigenic component (nucleogenic and mantle 3He) (Kamensky, Tokarev and Tolstikhin, 1991; 




3  − 𝐻𝑒𝑒𝑞
3 − 𝐻𝑒𝑡𝑒𝑟𝑟
3  − 𝐻𝑒𝑒𝑥𝑐
3   (Eq. 3.2) 
 
In order to isolate the four components, the solubility equilibrium (air-water solubility) 
component is first calculated by determining the solubility equilibrium temperature based on 
neon, argon, krypton and xenon concentrations of the water (Papp et al., 2012). The Isotope 
Climatology and Environmental Research Centre at the Institute for Nuclear Research, where 
the analyses for this study are performed, uses the closed system equilibration gas-water 
partitioning model of Aeshbach-Hertig et al. (1999), which requires the recharge elevation. To 
determine groundwater residence times, 𝐻𝑒𝑡𝑟𝑖𝑡
3  is considered to be the 3He component that 
is not accounted for by air-water solubility, excess air and terrigenic sources. 3He and 4He 
from air-water solubility are determined from recharge temperature and elevation as well as 
the known 3He and 4He concentrations in the atmosphere. As noble gas concentrations are 
found in fixed ratios in the atmosphere, Ne originating from excess air is the Ne component in 
excess of air-water solubility as Ne is only produced in the atmosphere and not from any other 
processes in the groundwater system (Aeshbach-Hertig et al., 1999). Any 4He not accounted 
for by air-water solubility and excess air is assumed to be He from radiogenic sources (Hinkle, 
2009). The 3He/4He ratios of radiogenic helium are then used to determine the 3He contributed 
from terrigenic sources even though helium derived from the mantle is suspected to be rare 
in ‘younger’ waters (Solomon and Cook, 2000; Hinkle, 2009).  Any remaining 3He is assumed 
to be from the decay of 3H. Once 𝐻𝑒𝑡𝑟𝑖𝑡
3  is determined, the initial 3H at the time of groundwater 
infiltration can be calculated as it is simply the sum of the measured 3H and 𝐻𝑒𝑡𝑟𝑖𝑡
3  (Hinkle, 
2009). 
Once all four factors have been determined, the groundwater residence time can be calculated 
using the standard radioactive decay equation (Eq. 2). Although the calculated value may 
deviate from the ‘true’ residence time of the groundwater as a result of tritium and/or helium 
diffusing into or from the aquifer (Kamensky et al., 1991), dispersion biases the calculated age 
towards the youngest component of mixed ground waters, which is accounted for in this study 
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(Schlosser et al., 1989). Due to its conservative nature and robustness, the 3H/3He dating 
system serves as an ideal tracer.  
Uncertainty in the apparent 3H/3He (στ) age may arise due to lowered analytical precision of 
the tritium measurement (σ3H) and uncertainty in the tritogenic helium contribution (σ3Hetrit) 
(Visser et al., 2014). This uncertainty is linearly expressed through Eq. 4 (Visser et al., 2014): 
στ = λ-1 ([3H] + [3He trit])-1 (σ23Hetrit + ([3He trit]/[3H])2 σ23H)1/2 (Eq. 4) 
 
σ3Hetrit includes the uncertainty of the terrigenic component in the helium isotope ratio (if 
present) as well as the uncertainty in determining the recharge temperature and excess air 
fractionation (Ballentine and Hall, 1999).  
1.4.2 Radiocarbon 
14C, the radioactive isotope of carbon, is naturally produced in the upper atmosphere when 
incident cosmic rays interact with 14N through the following reaction (Mackay, 1961): 
14N + n0 → 14C + p+ 
Natural production of 14C on earth is thought to be nearly constant (Castagnoli and Lal, 1980), 
and the resultant 14C becomes oxidised to form 14CO, and finally 14CO2 which mixes with 
surrounding inactive CO2 (Gat, Mook and Meijer, 2001). Radiocarbon is then incorporated into 
the cycles of living organisms in equilibrium with the atmosphere (Plummer and Glynn, 2013). 
Cosmogenic 14C is incorporated into groundwater reservoirs during recharge where it 
undergoes interaction with soil CO2 from plant root respiration and microbial degradation of 
soil organic matter (Plummer and Glynne, 2013). Once the dissolved inorganic carbon (DIC) 
becomes isolated from the atmosphere, 14C begins to decay via β- decay to its daughter 
isotope, 14N (Gat, Mook and Meijer, 2001). Like tritium, 14C concentrations were also 
anthropogenically increased in the atmosphere due to nuclear weapons testing in the northern 
hemisphere (Vogel, 1970), but concentrations have not yet returned to background levels due 
to radiocarbon’s longer half-life of 5 730 ± 40 years (Godwin, 1962) (Fig. 6). 
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Figure 6 – Average annual atmospheric concentration  of 
14C (fraction of modern carbon; 1.0 F14C = 100 pMC) 
since 1940, illustrating the bomb spike due to the onset 
of nuclear weapons testing (Ubelaker, Thomas and 
Olson, 2015). 
The initial assumption in radiocarbon dating is that 14C in the dynamic carbon reservoirs has 
remained unchanged over the past 50 000 years (prior to anthropogenic inputs) (Baxter and 
Walton, 1971). However, short-term fluctuations in 14C have occurred in the past century which 
can be linked to solar activity (Stuiver, 1965; Damon, Long and Grey, 1966; Suess, 1967). 
This fluctuation is thought to be related to variation in cosmic ray flux, and as a result, a 
variation in 14C production due to increased magnetic field strengths which is associated with 
sunspot activity (Baxter and Walton, 1971). 
Although 5 730 is the internationally accepted half-life of radiocarbon, the Libby half-life of 
5 568 years (Libby, 1955) is conventionally used to date samples (Kalin, 2000; Chiu et al., 
2007). Although exceptions do exist, convention will be followed in this study. In order to 
determine the age (𝑇) of a carbonaceous sample, the decay constant (λ) or half-life needs to 
be known as well as the measured 14C concentration ( 𝐴14 ) (Torgerson et al., 2013). Assuming 
the initial 14C concentration (point of atmospheric isolation; 𝐴𝑖
14 ), the age can be determined 







14 ) (Eq. 5) 
The calculated age dates back from 1950 as the initial concentration refers to the standard 
activity in 1950 AD (Stuiver and Polach, 1977; Gat, Mook and Meijer, 2001). Dating of 
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groundwater, however, is more complicated and involves the analysis of dissolved inorganic 
carbon (DIC) and organic carbon (DOC) (Torgerson et al., 2013). The following calculation 
(Eq. 6) can be used to determine when the groundwater was atmospherically isolated (Gat, 
Mook and Meijer, 2001): 



















   (Eq. 6) 
 
where 8 033 is determined from 
5 568
ln2
. In this equation, the complication lies in that 𝐴𝑆𝑡𝑑
14
  is not 
simply equal to 𝐴𝑖
14  as in Eq. 5, but instead through a number of isotopic exchange reactions 
(Gat, Mook and Meijer, 2001), for which various correction models exist (Ingerson and 
Pearson, 1964; Vogel, 1967; Fontes and Garnier, 1979).  
In hydrology, 14C is limited to dating groundwater older than 1950 as recently recharged waters 
would have 14C concentrations that are not distinguishable from current atmospheric activities 
despite analytical sensitivity (Tamers and Scharpenseel, 1970). 3H  is often not present in 
groundwater bodies that have considerably low 14C concentrations, unless considerable 
mixing between water bodies with significantly different ages has occurred (Mook and 
Rozanski, 2000). In groundwater that has undergone mixing, the obtained 3H/3He age will 
apply to the younger fraction of water present (Dajun and Hao, 2001).  
An important factor to consider may be the contamination of the radiocarbon samples which 
may occur naturally or artificially and result in ages that are either too young or too old 
(Plummer and Glynn, 2013). The addition of ‘dead’ carbon along the flow path through the 
dissolution of carbonate minerals will cause an old bias whereas the overcompensation for 
dead carbon will result in a young bias (Plummer and Glynn, 2013). The main concern in 
groundwater sampling is collecting the sample from water flowing laminarly as water with a 
turbulent flow pattern promotes mixing with atmospheric air, effectively altering the ‘true’ 
radiocarbon concentration (Torgerson et al., 2013). Radiocarbon samples may also be 
contaminated in the laboratory through contact with compromised surfaces, equipment and 
personnel as research involving elevated 14C contents can be detected in background samples 
up to decades later (Zermeño et al., 2004). 
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2 STUDY SITE CONTEXT 
The study area is focussed within a 200 km radius of Cape Town. A summary of its physical 
characteristics which include its extent, climate, land cover as well as geological 
characteristics are presented below. Additionally, the hydrogeological characteristics which 
affect recharge, storage, flow and discharge from the TMG Aquifer as well as the other aquifer 
systems are provided. 
2.1 Study area 
The study site extends from Cape Town to the town of Citrusdal, some 160 km north of the 
City. The town is situated in the Olifants River Valley at the base of the Cedarberg Mountains. 
The eastern extent of the study site is approximately 16 km north of George. The greatest 
emphasis is placed on the Cape Winelands region, particularly in and around the towns of 
Stellenbosch, Franschhoek and Paarl due to the proximity of dams in the region. The study 
site is illustrated in Fig. 7.  
 
Figure 7 – The study site is focussed within a 200 km radius of Cape Town (Western Cape, 
South Africa). 
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2.2 Climate 
South Africa is a water-stressed country that receives an average of 450 mm of rainfall per 
annum, much less than the worldwide average of 780 mm (Benhin, 2006). This average 
annual rainfall classifies the country’s water resources as ‘scarce’ and ‘extremely limited’ 
(Schulze and Lynch, 2001; Behnin, 2006).  Of the South African provinces, the Western Cape 
experiences the greatest variability in rainfall as a maximum annual average of 3 345 mm is 
recorded in the Jonkershoek Mountains, Stellenbosch and a minimum of 60 mm in the Tankwa 
Karoo (Fig. 8) (Schulze et al., 2007; Diamond, 2014). Given that the Western Cape covers a 
vast area and has a complex topography, the province possesses a range of climatic 
gradients, namely the south-north aridity gradient and an east-west rainfall seasonality 
gradient with summer rainfall increasing towards the east (Midgeley et al., 2005). The province 
is further divided into three distinct climatic regions by Van Niekerk and Joubert (2011), into 
the Mediterranean, South Coast and Karoo regions (Fig. 9). The City of Cape Town, located 
in the south-western portion of the province, is classified as having a Mediterranean-type 
climate characterised by cool, wet winters and warm, dry summers. The region receives an 
average rainfall of less than 500 mm per year (Midgeley et al., 2006; Benhin, 2006), with the 
majority of rain falling during the colder months of May – August. A number of the City’s dams 
are located within or proximal to the Berg River catchment, which receives average rainfall of 
600 – 1 000 mm per annum (Winter and Mgese, 2011). 
 
Figure 8 – A) The mean annual precipitation (mm) at SAWS stations across the Western Cape for 
1979–2016; B) the mean contribution (%) of winter rainfall (June – August) to the annual rainfall total at 
the stations (Mahlalela, 2019). 
A B 
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Figure 9 – The delineation of the three climatic zones in 
the Western Cape (dotted orange line) indicating the City 
of Cape Town as having a Mediterranean-type climate 
(Du Plessis and Schloms, 2017). 
2.3 Vegetation 
The study site extends over a region referred to as the Cape Floristic Region which extends 
along the southern and western coasts of the province (Fig. 10). Vegetation has been 
subdivided into two main groups, namely, the heathland fynbos (Kruger, 1979) and the 
Mediterranean-type shrublands which grow on more fertile soils, called renosterveld and 
strandveld (Boucher & Moll, 1981; Di Castri, 1981). 
Fynbos is a heathland vegetation that occurs on leached acid sands which have accumulated 
from the in-situ weathering of granites and sandstones, or from aeolian-sourced sands 
(Mitchell, et al., 1986). These sands range from 0 – 70 m in depth (Boucher, 1983). The West 
Coast Strandveld is found on calcareous dune sands, calcretes, limestones as well as 
weathered granites and shales (Boucher, 1983). In contrast, renosterveld overlies shales and 
granites in a rainfall zone of 250 – 550 mm per year (Boucher, 1983). Strandveld dominates 
along the west coast of the province from a few kilometres south of Bloubergstrand all the way 
to St Helena Bay as well as along the False Bay Coast. Fynbos and renosterveld are much 
more extensive over the region (Mucina and Rutherford, 2010). 
Despite the vast extent of the Cape Floristic Region, much of the endemic vegetation has 
been cut away in attempts to produce land for grazing and agriculture. This vegetation has 
been depleted to the extent that only around 14.7% of the western coastal foreland vegetation 
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remains in an untouched state today (Boucher, 1983). Despite the soil and climate being able 
to support various crops, wine grapes are dominantly cultivated in the region. 
 
Figure 10 – The Cape Floristic region (indicated by dark grey) found 
along the south western coast of Southern Africa (Brownlie et al., 2005). 
 
Grasses found along the west coast are predominantly C3 species (> 75%). Moving eastwards, 
C3 plants are progressively replaced by C4 plants until C4 grass species become the dominant 
species (> 75%) along the south coast, near Port Elizabeth (Vogel et al. 1978; Radloff, 2008). 
Both fynbos and renosterveld have species that follow the C3 and C4 photosynthetic pathways. 
The δ13C values of C3 and C4 plants are supposedly very distinct as C3 plant species tend to 
have values ranging from -26 to -30‰. whereas C4 species range from -12 to -14‰ (Curtis, 
2013). Mixed C3 and C4 habitats, however, tend to have values between -14 and -26‰ (Stock 
et al. 1993).  
2.4 Geology 
Basement rocks in the Western Cape are composed of several lightly metamorphosed groups 
of varied lithology (Diamond and Harris, 2019). This includes the Malmesbury Group that is 
predominantly found in the south-western Cape and forms part of the Saldanian Belt (Gresse 
et al, 2006). Intruded into the Pan-African Malmesbury Group, is the Cambrian Cape Granite 
Suite. The CGS is mainly found in areas of Malmesbury Group outcrop, but minor plutons are 
situated further east, near the town of George (Scheepers and Schoch, 2006). The Paleozoic 
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Cape Supergroup – composed of the Table Mountain, Bokkeveld and Witteberg Groups – 
unconformably overlies the basement rock and covers the vast extent of the province 
(Johnson, 1976). Quaternary unconsolidated alluvial sediments unconformably overlie the 
basement Malmesbury and CGS rocks in the Cape Flats area (Saayman and Adams, 2002) 
(Fig. 12). The geology is described below in order of occurrence with ages provided by the 
Council for Geoscience (2006). 
2.4.1 Malmesbury Group (575 – 550 Ma) 
The Malmesbury Group is made up predominantly of greywackes with subordinate 
metavolcanic rocks, conglomerates, limestone and chert units (Tankard et al., 1982). Outcrop 
of the Malmesbury Group is divided into three terranes (Tygerberg, Swartland and Boland), 
separated by two large terrane bounding north-west trending shear zones, the Colenso and 
Piketberg-Wellington Faults (Hartnady et al., 1974; Scheepers, 1995; Belcher and Kisters, 
2003). The group, comprised of the Piketberg, Tygerberg and Porterville Formations, 
unconformably overlies the Swartland Group. The basal Piketberg Formation grades from 
conglomerates interbedded with shales at its base, into arenites and shales. This is succeeded 
by the Porterville Formation which contains mudstones, shales and subordinate greywackes. 
The final uppermost Tygerberg Formation contains mudstones, fine-grained greywackes and 
impure sandstones as well as a member comprised of volcanic rocks (andesites and tuff). 
(Buggisch et al., 2010; Belcher and Kisters, 2003). A series of deformation events and the 
subsequent intrusion of the Cape Granite Suite into the Malmesbury Group has resulted in 
low-grade metamorphism (greenschist facies) of the sedimentary rocks (Belcher and Kisters, 
2003).  
2.4.2 Cape Granite Suite (610 – 500 Ma) 
The Cape Granite Suite (CGS) consists of plutons and batholiths intruded into the 
metasedimentary rocks of the Malmesbury Group (Hartnady et al., 1974; Scheepers, 1995).  
Three locality groupings of the batholiths are identified in the Western Cape, namely a northern 
group (south of the Orange River), a south-western group (near Cape Town) and an eastern 
group (near George) (Harris et al., 1997). In the south-western group, the granitic suite can 
be divided into six major batholiths, namely the Saldanha-Vredenburg, Darling, Malmesbury, 
Paarl-wellington, Stellenbosch-Kuils River and Peninsula batholiths (Harris et al., 1997). 
Stellenbosch University https://scholar.sun.ac.za
Study Site Context | 23 
 
Z. Harilall  2020 
Intrusions of these Precambrian-age granitic rocks are thought to have occurred in three main 
phases with a 120 Ma gap between the youngest and oldest intrusions (Schoch, 1972; Schoch 
and Burger, 1976; Scheepers., 1995). Plutons are distinguished as either A-, I- or S-type 
granites based on their geochemistry and petrography (Scheepers., 1995). 
2.4.3 Cape Supergroup 
The Cape Supergroup, mainly comprised of sandstones, quartzites and shales, can be divided 
into the Table Mountain, Bokkeveld and Witteberg Groups (Johnson, 1976). An impressive 
1 300 km of geologic outcrop extends from the town of Nieuwoudtville in the Northern Cape 
southwards towards L’Agulhas on the south coast of the Western Cape. The TMG then further 
extends eastwards to the Eastern Cape before terminating along the coast of Port Elizabeth. 
Based on palaeontology and zircon dating, deposition of these Paleozoic sediments are 
estimated to have occurred during the time frame 510 – 350 Ma (Miller et al., 2016). The 
provenance of detrital zircons suggest that the sediments of the Cape Supergroup have largely 
been sourced from the Namaqua-Natal Metamorphic Complex (1.2 – 1.0 Ga) and Pan-African 
orogenic belts (650 – 500 Ma) on both the African and South American continents (Fourie et 
al., 2011; Vorster, 2013; Miller et al., 2016).  
The Cape Fold Belt is divided into two branches which are separated by a syntaxis (De Beer, 
1992), During the Cape Orogeny, deformation resulted in the low-grade metamorphism as 
well as the extensive folding and faulting of what is now known as the Cape Fold Belt (CFB) 
(De Beer, 1992). Deformation events coupled with the resistance to weathering, has resulted 
in the sandstones of the TMG, Bokkeveld and Witteberg Groups, outcropping in high elevation 
regions. 
2.4.3.1 Table Mountain Group (510 – 420 Ma) 
The TMG is the lowermost lithological package of the Cape Supergroup, comprised mainly of 
sandstone and minor mudstones (Fig. 11). The TMG is comprised of the Piekenierskloof, 
Graafwater, Peninsula, Pakhuis and Cederberg formations as well as the Nardouw Subgroup, 
which is further divided into the Goudini, Skurweberg and Rietvlei (Baviaanskloof in the 
Eastern Cape) Formations (Table 2) (Rust, 1967; Thamm and Johnson, 2006).  
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Table 2 – Summary of the stratigraphy of the Table Mountain Group and its subgroups (after Blake et 
al., 2010). 
























Cedarberg 120 Shale, siltstone 
Pakhuis 40 Diamictite, shale 








The basal Piekenierskloof Formation, which lies unconformably on Malmesbury Group rocks, 
consists of litharenites and rudites and is overlain by the semi-confining Graafwater Formation 
which is made up of shale/siltstone. These two units are only present in the north-south 
trending limb of the TMG outcrop (Thamm and Johnson, 2006). Overlying the Graafwater 
Formation, the Peninsula Formation is composed of quartzitic arenites. This is arguably the 
most significant formation as it is highly favoured for water quality and yields and is present 
across the entire extent of the TMG, ranging from 1 000 – 2 000 m in thickness. A thin shaley 
siltstone layer with an average thickness of 70 m makes up the Cedarberg Formation (Rust, 
1967). As extensive as the underlying Peninsula, the Cedarberg Formation acts as a confining 
layer, effectively separating the lower and upper aquifers. The uppermost unit of the TMG is 
the Nardouw Subgroup, which is subdivided into three members (Goudini, Skurweberg, 
Rietvliei) of interlayered shale, sandstone, siltstone and quartzite because of its variable 
composition (Rust, 1967).   
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Figure 11 – A) TMG geological outcrop displays extensive fracturing at Table Mountain (Cape 
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2.4.3.2 Bokkeveld Group (410 – 370 Ma) 
The Bokkeveld Group, which succeeds the TMG, outcrops within the Cape Fold Belt of the 
Western and Eastern Cape, between the TMG and the Witteberg units. In the Western Cape, 
the Bokkeveld can be subdivided into two groups, namely the Ceres and Bidouw subgroups 
(Reid et al., 2015). The basal Ceres Subgroup (comprised of the Gydo, Gamka, Voorstehoek, 
Hexrivier, Tra-Tra and Boplaas formations) consists of three distinct laterally continuous, 
upward-coarsening successions of mudstones, siltstones and sandstones with minor 
calcareous lenses present in some mudstones. The Ceres Subgroup is succeeded by the 
Bidouw Subgroup (Waboomberg, Wuppertal, Klipbokkop, Osberg and Karoopoort formations) 
comprised of the fourth and fifth successions of mudstones, siltstones and sandstones (Reid 
et al., 2015). The cyclic deposition of sediments is interpreted to have been deposited in 
muddy offshore to sandy nearshore settings on a stable, storm-dominated marine shelf 
(Theron and Johnson, 1991; Anderson et al., 1999; Reid et al., 2015). 
2.4.3.3 Witteberg (370 – 330 Ma) 
The upper layers of the Bokkeveld Group grade into the sandstones of the overlying Witteberg 
Group. This group of sediments was deposited in the shallow marine conditions of the Agulhas 
Sea and is comprised mainly of quartzites, sandstones, siltstones and shales (Brundson and 
Booth, 2009). The Witteberg Group, which is comprised of the Weltevrede and Lake Mentz 
Subgroups, crops out on the inner margin of the Cape Fold Belt, cradling the Karoo (Thamm 
and Johnson, 2006; Cotter, 2000). It tends to form the most inland outcrops of the Cape 
Supergroup, and can be traced eastwards as far as Port Alfred, about 120 km beyond the 
Cape Fold Belt. 
2.4.4 Quaternary Sediments (73 – 2 ka) 
Quaternary deposits in the Western Cape extend along the south coast from Strand to Cape 
Town as well as along the west coast from Cape Town to far beyond the northern border of 
the province.  Optically stimulated luminescence (OSL) dating of sand dunes along the west 
coast suggests five phases of active deposition with a maximum age of 73 ka and a minimum 
age of 4 ka (Chase and Thomas, 2007). The Cape Flats region, which is of hydrological 
significance, has been delineated as the low-lying sand covered region extending from Cape 
Town – Muizenberg, Cape Town – Kuils River and finally, Kuils River – Strand (Adelana et al., 
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2010). In this area, Quaternary age sediments, range up to 50 m in thickness, blanket the 
TMG, CGS and Malmesbury Groups (Theron et al., 1992; Giljam, 2002; Adelana et al., 2010). 
Sediments are mainly sands that vary in grain size and composition but often contain bedrock 
fragments, calcrete pebbles and bioclastic components (Giljam, 2002). These Cenozoic 
sediments are referred to as the Sandveld Group and includes Quaternary sediments that 
were previously classified as Bredasdorp Formation sediments (Visser and Schoch, 1973; 
Rogers, 1982; Hendey and Dingle, 1983).  
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2.5 Hydrogeology 
A lithostratigraphic unit in which groundwater occurs, is called an aquifer. An aquifer is 
sufficiently porous and permeable, allowing for the storage and flow of significant quantities of 
groundwater (Lohman et al., 1972). An aquitard is an impermeable unit which often contains 
water but does not allow for the transmission of water (Walton, 1990). An aquiclude, on the 
other hand, is an impermeable unit that neither stores nor transmits water (Maxey, 1964; 
Freeze and Cherry; 1979). Aquifers usually have great areal extent and store vast amounts of 
water. When a number of aquifer units are separated by semi- and impermeable units, it is 
referred to as an aquifer system (Fig. 13) (Todd, 1959; Wilson, 1983). 
The aquifer units found in the study area are summarised in Table 3 and are discussed in this 
section. The Witteberg, Bokkeveld and CGS Aquifers (also simply referred to as a granitic 
aquifer in this study) are only briefly discussed as these aquifers have not been investigated 
as viable units for containing considerable amounts of water and have little available literature 
to review. Studies on the TMG Aquifer are much more extensive resulting in a detailed 
discussion on the aquifer. 
 
 
Figure 13 – Types of aquifer units (Enger and Smith, 1995) 
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2.5.1 Malmesbury Aquifer 
On a regional scale, the Malmesbury Group is classified as an aquiclude due to the impervious 
nature of its host rock (Conrad et al., 2019). The high component of clay and micaceous 
minerals significantly hinders groundwater flow within the metasediments (Münch and Conrad, 
2007). Groundwater within the Malmesbury Group is generally associated with and fracturing 
and faulting as groundwater flows along foliation planes, bedding (where preserved), faults 
and fractures (Colvin and Saayman, 2007; Münch and Conrad, 2007). Studies in the 
Verlorenveli Valley (near Elands Bay) suggest that the Malmesbury Aquifer in the region is 
recharged by the TMG Aquifer (Watson et al., 2018). The fractured rock aquifer tends to be 
confined to semi-confined, making it much less vulnerable to contamination (Colvin and 
Saayman, 2007). Groundwater quality of the aquifer is quite variable as EC values range from 
less than 1000 to over 10 000 µS/cm (Conrad et al., 2019). Elevated TDS values of 
groundwater in the aquifer generally limits the usability of the water (Colvin and Saayman, 
2007). Previously, the Malmesbury Group has been classified as a low-yielding aquifer as 
yields from boreholes drilled into the aquifer are typically within the range of 0.1 to 0.5 L/s 
(Conrad et al., 2019). Boreholes drilled along fault-related fracture zones inferred from the 
Wellington – Piketberg Fault and Shear Zone, however, has resulted in much higher yielding 
boreholes (Conrad et al., 2019) 
 
2.5.2 Cape Granite Aquifer 
Granitic rocks typically do not store or transmit groundwater as they are aquicludes. The Cape 
Granite Suite, however, is weathered and fractured, resulting in a fractured crystalline aquifer 
with generally low hydraulic conductivity (0.06 m/d) (Conrad et al., 2019). As the composition 
of granitic rocks vary, diverse forms of weathering take place, effectively altering the hydrology 
of the resultant aquifer (Wu, 2009). EC values in the Cape Granite Aquifer ranges from 40 to 
~1 100 µS/cm (Agyare-Dwomoh, 2020). Very little literature on the Cape Granite Aquifer 
exists, making it difficult to provide context on the aquifer. 
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2.5.3 TMG Aquifer 
2.5.3.1 Hydrostratigraphy 
The Table Mountain Group Aquifer system can be divided into three main units: the Peninsula 
Aquifer, Nardouw Aquifer and the Winterhoek Mega-aquitard which separates the two (Kotze, 
2002a) (Table 3). Two minor hydrostratigraphic units, the basal Piekenierskloof Aquifer and 
the overlying Graafwater Aquitard, which underlie the Peninsula Aquifer, are not laterally 
continuous and predominantly found in the western branch of the Cape Fold Belt (De Beer, 
1992). The Skurweberg Formation – a subaquifer of the Nardouw Aquifer – and the Peninsula 
Formation are thought to have sufficient overall thickness and massive thick-bedded zones 
which could possibly support large-scale groundwater abstraction (Rosewarne and Weaver, 
2002, Netili, 2007). The delineation of these aquifers and aquitards is purely based on 
hydrological lithologies, despite the fact that each rock type possesses unique hydrological 
characteristics in terms of porosity, permeability and trasmissivity (Xu et al., 2009).  
2.5.3.2 Aquifer Characteristics 
The medium to coarse grain size coupled with the relative purity of the quartz arenites lead to 
the enhanced quality of TMG groundwater (De Beer, 2002b). Groundwater is considered to 
be of excellent quality as it is characterised by low electrical conductivity (EC) (?̅? = 100 – 300 
µS/cm), low total dissolved solids (TDS) as well as low alkalinities (<50 mg/L) (Brown et al., 
2003; Miller et al., 2017; Turner, 2018). Despite low ionic content, groundwater is typically 
characterised as Na-Cl type water (Wu, 2008). The pH of the groundwater is fairly acidic, 
reaching values as low as 5 which can be corrosive to borehole infrastructure (Netili, 2007). 
Groundwater within the aquifer often contains elevated iron contents resulting in biofouling 
which causes clogging of infrastructure (Jolly, 2002; Robey et al., 2014). 
The bulk storativity of the two main aquifer units of the TMG – the Peninsula and Nardouw 
Aquifers – has been estimated at 10-2 or 10-3 (Rosewarne, 2002). Conservative storage yield 
models based on the average porosity of the sandstones estimate the volume of groundwater 
released for 1 m unit head decline to be 6.9 and 1.1 Mm3 for the Peninsula and Skurweberg 
aquifers, respectively (Blake et al., 2010). Despite the difficulty in constraining groundwater 
storage of the TMG Aquifer system, the volume stored is estimated to be on the order of 9 x 
108 m3 (Xu et al., 2009). Both these aquifer units are fractured rock aquifers that have low 
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primary porosity. An intricate network of fissures, joints and fractures largely controls the flow 
of groundwater within the TMG (Xu et al., 2009). Knowledge on the interconnectivity of these 
fracture networks is also crucial to how easily groundwater can be abstracted from the aquifer.  
The TMG Aquifer ranges between 50 – 2000 m in depth and water tends to be under artesian 
flow, emanating as cold springs in many locations (Diamond and Harris, 2000).  Boreholes 
drilled deeper than 200 m into the aquifer generally have dramatically higher yields than 
shallow boreholes. This is most likely related to a stress-generated confining zone within the 
uniformly quartzitic rock. Borehole yields in excess of 5 l/s are common in the TMG (Netili, 
2007; Hartnady and Hay, 2002b). 
The hydrogeological characteristics of the TMG Aquifer are heterogeneous. As a result, water 
table depth, infiltration, storage and transmission vary across the aquifer due to lithology and 
structural/tectonic controls (Netili, 2007; Pietersen and Parsons, 2007; Thamm and Johnson, 
2006; Rosewarne, 2002). It is suspected that fracturing in certain areas within the TMG may 
extend to several hundred meters below the surface. This fracture network is assumed to be 
even more extensive at greater depths, which may result in rainwater contributing to deep 
groundwater flow. This is evidenced by the hot springs that circulate at depths (Meyer, 2002). 
11 major thermal springs are present throughout the Western Cape (Fig. 14) (Brown et al., 
2003; Xu et al., 2009). These hot springs reach temperatures as high as  64°C as the water is 
circulated at depths of at least 2 000 m below ground level (Diamond and Harris, 2000; Brown 
et al., 2003). These springs emanate from Peninsula Aquifer and are thought to be linked to 
either the contact between the over- or underlying aquitard, the impermeable fault zone, or 
where the Peninsula is hydraulically connected to the Nardouw due to faulting (Brown et al., 
2003). The contact zone between the TMG and the Bokkeveld Groups is also thought to 
provide a mixing conduit for older water at deeper depths and groundwater that has been more 
recently recharged (Weaver et al., 1999). 
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Figure 14 – 11 thermal springs in relation to the Cape Supergroup; large faults 
in the Western Cape are also displayed (Diamond and Harris, 2000). 
2.5.3.3 Recharge and Discharge 
Groundwater recharge generally occurs through the infiltration of precipitation within the 
higher elevated areas (maximum elevation of ~2 300m) of the Cape Fold Belt (CFB) in the 
hinterland to the City of Cape Town which extends to the north and east around the CFB 
syntaxis (Fig. 12) (Diamond, 2014; Xu et al., 2009). Depleted isotopic signatures of stable 
hydrogen and oxygen further substantiates that precipitation of the TMG Aquifer occurs at 
high altitudes (Diamond and Harris, 2000). Recharge from precipitation at the water table 
varies seasonally. This is due to seasonal variation in evapotranspiration, which can intercept 
infiltrating precipitation (Netili, 2007). Research shows that recharge in this aquifer is also 
influence by snowmelt to some extent. This, however, is only present in catchments with 
elevations higher than 1 000 m (Wu and Xu, 2005).  
Various methods to determine recharge within the TMG found infiltration into the aquifer 
ranged from 0 – 57% of mean annual precipitation (MAP) (Parsons, 2002; Watson et al., 
2018). Low recharge estimates were obtained in low lying regions which receive less rainfall 
and have reasonably thick soil cover whereas higher recharge estimates were calculated in 
mountainous regions with exposed rock (Hartnady and Hay, 2002a; Parsons, 2002). It has 
been recognised that recharge to the Peninsula and Nardouw Formations occurs at different 
rates (Kotze, 2000). Geology of the Peninsula Aquifer is generally located at higher elevations 
which receive higher volumes of precipitation. This coupled with the highly weathered and 
Stellenbosch University https://scholar.sun.ac.za
Study Site Context | 35 
 
Z. Harilall  2020 
fractured nature of the brittle sandstones, results in the Peninsula Aquifer receiving higher 
amounts of recharge (Shand, 2004). In contrast to the Peninsula Aquifer, the Nardouw Aquifer 
is characterised by a lower fracture frequency and more ductile nature due to the presence of 
thicker shale layers (Kotze, 2002a). The Nardouw Formation generally outcrops at lower 
elevations and receives much less direct recharge. Despite this, a considerable amount of 
indirect recharge is estimated to be sourced from the Peninsula Aquifer via fractures 
connecting the two aquifers (Watson et al., 2018). Due to the favourable outcrop and nature 
of the rocks, recharge is relatively high, reaching average rates of up to 15% of MAP for the 
superaquifer (Meyer, 2002). 
Groundwater flows along the fracture network toward lower lying or discharge areas. 
Discharge from the TMG Aquifer is usually in the form of seep zones, wetlands, seasonal low 
flow and perennial cold springs in cases of shallow circulating groundwaters or thermal hot 
springs for groundwater circulating at depth (Netili, 2007). Where shallow water-bearing 
fractures intersect the surface, groundwater discharges as springs. Flow rates are likely to be 
fast and storage limited (Le Maitre et al., 2002). Discharge from deeper sources occur along 
the contact between the TMG and the relatively impermeable shales (e.g. Nardouw-
Cedarberg contact) as well as between the faulted contact with the basement rocks 
(Malmesbury, Cape Granite Suite). These deep flow systems are likely to be higher yielding, 
with greater storage volume in the fractures and faults (Le Maitre et al., 2002). 
2.5.4 Bokkeveld Aquifer 
Much like the Witteberg Aquifer, the Bokkeveld Group forms a secondary fractured aquifer. 
The Bokkeveld shales which extend over much of the central Klein Karoo, experience low 
recharge volumes, typically less than 6 mm per annum (Le Maitre et al., 2009). Recharge in 
certain regions of the Bokkeveld Aquifer are thought to be from the fractures connecting the 
Bokkeveld to the TMG (De Beer, 2002b). The contact between the Bokkeveld and the TMG 
Groups is a zone of high hydraulic conductivity and provides a mixing conduit for deep-seated 
older groundwater and water that has been more recently recharged (Weaver et al., 1999). 
Boreholes drilled into the sandstone-poor portion of the Bokkeveld Aquifer are generally low-
yielding as yields are typically less than 1 L/s. The sandstone-rich Ceres Subgroup, however, 
possesses formations with higher yields (5 L/s) and permeabilities (Meyer, 2002; Le Maitre et 
al., 2009). EC is generally variable and ranges between 300 and 4 000 µS/cm for the Ceres 
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Subgroup whereas groundwater EC of the Bidouw Subgroup is often in excess of 4 000 µS/cm 
(Netili, 2007). Groundwater in the Bokkeveld Aquifer is typically classified as Na-Cl-type (Netili, 
2007). 
2.5.5 Witteberg Aquifer 
The Witteberg Group has low primary permeability and porosity and is generally considered 
an aquitard. The Witteberg forms a secondary fractured aquifer and groundwater flow and 
storage are controlled through fracture and fault systems; these open fractures can store 
reasonably large volumes of water however they only constitute a small portion of the total 
rock volume (Le Maitre et al., 2009). Analysis of borehole yields drilled into various units of 
the aquifer found that 30% of boreholes yield less than 0.5 L/s whereas only 26% yield more 
than 5 L/s (Meyer, 2001; Netili, 2007). Shale units within the Witteberg Aquifer typically 
possess brackish groundwater with EC values between 2 000 and 7 000 µS/cm, whereas 
groundwater within the sandstone units are generally of better quality and have EC values 
ranging from 700 – 1 500 µS/cm (Netili, 2007).  
2.5.6 Alluvial Aquifer 
The main alluvial aquifer of interest within the study site is the Cape Flats Aquifer (CFA) (Fig. 
15). The CFA covers an area of approximately 630 km2 and is composed of unconsolidated 
coarse-grained materials, such as sand and gravel, with areas dominated by silt and clay 
lenses (Harris et al., 1999; Adelana et al., 2006). The alluvium is typically horizontally stratified 
and several lithostratigraphic units can be recognised (Adelana and Xu, 2006). The aquifer 
material is well sorted and rounded resulting in hydraulic conductivities of 30 – 40 m/d in the 
central region and 15 – 50 m/d in the eastern area (Gerber, 1981). Groundwater typically flows 
in a semi-radial pattern from the higher lying basement in the northeast (near Durbanville), 
towards Table Bay to the northwest and the False Bay coast to the south (Hay et al., 2015). 
Groundwater recharge is estimated to be in the range of 16 – 37% of MAP (Adelana et al., 
2010), however, it is estimated that 28 x 106 m3 of groundwater is lost to the sea through 
seepage (Tredoux, et al., 1980).  
The CFA is predominantly unconfined with a generally shallow water table (average depth 
3.75 m below surface) (Harris et al., 1999). It is likely that rivers and wetlands are hydraulically 
connected to the relatively shallow aquifer (Hay et al., 2015), however there is no 
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hydrogeological link to any other aquifer, except to the talus/scree material along the foot of 
the mountains in the west (Wright & Conrad, 1995). The groundwater chemistry of the aquifer 
is quite variable as groundwater collected from the aquifer ranges from freshwater to brackish 
(Aza-Gnandji et al., 2013). The Cape Flats is a low-lying region and therefore, difficult to drain, 
which could lead to possible soil salinization (Adelana et al., 2006). 
 
Figure 15 – The Cape Flats Aquifer in relation to the City of Cape 
Town and a few dams which supply municipal water (Harris et al., 
1999).
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A detailed approach regarding the sampling procedures and analytical techniques that have 
been used in this study, are given in the sections below. As it is imperative that the 
groundwater not be exposed to the atmosphere for any of the isotope tracers used in this 
study, only capped boreholes and springs were sampled for this project. Atmospheric 
contamination during sampling is the biggest concern during sampling hence limitations to the 
sampling protocol are addressed as well. 
3.1 Sample Sites 
Sampling was primarily focused within a 200 km range from Cape Town and comprised of 
three campaigns during 2018 – 2019 which concluded in May 2019. Sampling was focused 
on boreholes drilled into the TMG as the primary target. However, for comparability, 
groundwater samples were taken from boreholes, well points and springs in the Malmesbury, 
Cape Granite Suite, TMG, Bokkeveld, Witteberg Groups as well as from Quaternary 
sediments. Collectively, 150 samples were taken from 73 sites across the Western Cape (Fig. 
16). This can further be divided into 28 noble gas, 59 tritium and 64 radiocarbon samples. δ13C 
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3.2 Sampling Protocol 
3.2.1 Tritium and Tritogenic Helium 
With sampling for noble gases, it is essential that all air is excluded from the collection system. 
The collection system consists of a piece of copper tubing (1 m or 0.4 m), with a 9.8 mm 
diameter and 1.2 mm wall thickness, two aluminium clamps and a mounting rack. The clamps 
are placed on either end of the tube and mounted in the mounting rack (Fig. 17). The clamps 
are tightened such that they hold tight to the copper tube, keeping it in position, but do not 
compress the copper tube. 
 
Figure 17 – 40 cm copper tube (in which the noble gas will be collected) placed in the metal mounting 
rack, secured on either end with aluminium clamps. 
After the borehole has been purged to ensure that fresh groundwater is being accessed, it is 
suggested that the pressure be adequately lowered during sampling to prevent tiny bubbles 
in the flow stream that may accompany turbulent flow. One end of the copper tube is then 
attached to the water source and the water to be sampled is allowed to run through the copper 
tube. The copper tube is repeatedly tapped to ensure that all air bubbles exit the tube. 
Thereafter, the clamp on the free end of the copper tube is tightened such that it is flush with 
the washers in the clamps and no water or air can penetrate the tube. The tube is now sealed 
at the free end with the water backing up inside the tube (Fig. 18). The clamp at the end of the 
tube connected to the water source is then tightened in the same way such that the copper 
tube is now sealed with the tube between the two clamps filled with water and no air bubbles 
are present (Fig. 19). 0.4 m copper tubes are collected in duplicate whereas 1 m copper tubes 
only require a single sample. In addition to the copper tubes, 500 ml of groundwater is also 
collected in an HDPE bottle to determine tritium activity (Fig. 20).  
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Figure 18 – A) After the copper pipe is attached to the water source; B) the clamp at the free end of the 
copper tube is tightened first allowing the water to back up inside the tube. 
  
Figure 19 – A) The clamp nearest to the water source is clamped last resulting in a copper tube filled 
with water that has not been exposed to air; B) example of a copper tube sample crimped between 
aluminium clamps. 
  
Figure 20 – Samples required for the analysis of 3H/3He ratios; A) two copper tubes for noble gas 
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In order to isolate the groundwater from the atmosphere before sample collection, an outlet 
device was designed (Fig. 21). The outlet device is comprised of three main components: an 
inlet connection, a hose and an outlet tap. The inlet connection should be able to connect to 
as many borehole pipes as possible. Adapters of varying sizes can be attached to this end. A 
ball-valve tap is attached at this end to ensure that the water pressure can be adjusted. Then, 
a hose just wide enough to house the copper tube should be incorporated. Finally, a tap at the 
outlet end of the device is able to allow water to exit the device. It is important to note that 
once the copper tube gets sealed off at the free end, pressure will begin to build inside the 
device. To prevent the copper tube from shooting out of the hose, pressure can be alleviated 
by opening the outlet. As the main function of this device is to be airtight, it is crucial that all 
components are screwed in properly and tightened. 
 
 
Figure 21 – A) – Explanation of the mechanisms of the refined outlet device fashioned for this project; 
B)) end of the outlet device that is able to attach to the borehole; C) multiple bushings can be attached 
to externally or internally threaded borehole pipes, it can also be accommodated to smooth piping as 
well. 
Copper tube inserted into transparent hose 
Attached to borehole piping with a tap to allow flow 
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3.2.2 Radiocarbon 
Groundwater samples for radiocarbon dating were collected in a 500 ml opaque HDPE bottle. 
Before collection, the borehole is “purged” by allowing the pump to run for a sufficient amount 
of time to ensure that sample is directly from the aquifer rather than stagnant water in the 
piping. The bottle is then rinsed with the groundwater ensuring the inside of the bottle has 
been thoroughly flushed. When collecting the sample, it is important to ensure that the water 
enters the bottle with laminar flow to prevent atmospheric exchange. The contents are allowed 
to fill the sampling bottle 2 – 3 times over, then filled to the brim and sealed. 
3.2.3 δ13C-DIC 
Samples for δ13C are collected in 50 ml centrifuge tubes. The tubes are first rinsed with the 
water to be sampled and subsequently filtered with a 0.45 µm cellulose acetate filter before 
sample collection. It is important to exclude any air bubbles from the tube during collection.  
3.3  Sampling Limitations 
After extensive field work, it is apparent that there is a need for regulation in borehole 
infrastructure on a national level. Despite the fact that national legislation is in place which 
requires regular monitoring of groundwater levels and chemistry of licensed boreholes, it is 
not generally enforced. Many boreholes did not have a sampling tap or basic outlet from which 
to sample the groundwater as often the first ‘take-off’ point would be either after filtration or 
treatment or after a long run of black agricultural pipe (Fig. 22). This resulted in great effort 
being undertaken to disconnect infrastructure, or often resulting in no sample being collected. 
Industrial boreholes have also posed problems during sampling as the dimensions of the 
piping are often too large to attach the outlet device and the water pressure in the pipes are 
very high. Where possible, a thin pipe was screwed into the pressure gauge opening and then 
attached to the outlet device (Fig. 23). Despite the fact that it takes the outlet device some 
time to fill up, it continues to isolate the groundwater from the atmosphere before sampling. 
The borehole is always adequately purged before attaching the piping. 
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Figure 22 – Borehole infrastructure has no easily accessible outlet from which to collect a sample 
resulting in connections having to be removed. 
 
Figure 23 – A thin pipe connects the outlet device to the borehole through the pressure gauge opening. 
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3.4 Analytical Techniques 
3.4.1 EC, pH, Alkalinity 
EC, pH and alkalinity were analysed on the day of sample collection at the Department of Soil 
Sciences at Stellenbosch University. EC was analysed on a Eutech Con700 and pH was 
measured on a Eutech pH700. Alkalinity is measured on a Metrohm 702 SM Titrino. Both 
before and after 10 ml of sample is titrated with 0.01 M of HCl acid until buffering capacity is 
reached, pH readings of the sample are taken. Once samples have reached buffering 
capacity, the volume of acid used for titration is returned. Values are plugged into Equation 7 






𝑉𝑜𝑙 𝑜𝑓 𝑡𝑖𝑡𝑟𝑎𝑛𝑡 𝑥 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦 𝑜𝑓 𝑎𝑐𝑖𝑑
𝑉𝑜𝑙 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
 𝑥 50 000  (Eq. 7) 
 
3.4.2 Tritium and Tritogenic Helium 
Tritium and helium isotope ratios are analysed at the Isotope Climatology and Environmental 
Research Centre (ICER) of the Institute for Nuclear Research in Debrecen, Hungary. 
Concentrations and isotope ratios of He as well as Ar, Kr, Ne and Xe are measured using a 
noble gas mass spectrometric system comprised of a cryogenic preparation line and a 
VG5400 noble gas mass spectrometer (MS) following the set-up outlined by Papp et al. (2012) 
(Fig. 24). Dissolved gases in the groundwater samples are extracted from the copper tube on 
a preparation vacuum line by means of a cryogenic cold system consisting of two cold traps 
and a getter trap. Ar and other chemically active gases (N2, CO2, etc.) are adsorbed in an 
empty trap at 25 K. Subsequently, Ne and He are adsorbed in a charcoal trap at 10 K. He is 
desorbed at 42 K and Ne at 90 K. These temperature controls allow for the two gases to be 
admitted to the mass spectrometer separately (Papp et al., 2012). Once He enters the mass 
spectrometer, the magnet in the MS chamber separates 3He into a SEM (secondary electron 
multiplier) and 4He into the Faraday Cup. The heavier noble gasses are then released from 
the stainless-steel trap and measured simultaneously in the VG5400 noble gas mass 
spectrometer. Fast calibrations with known air aliquots of He, Ne and air are performed 
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between analyses by the VG5400 mass spectrometer. 3He/4He ratios are expressed as R/Ra 
values where R represents the measured 3He/4He ratio of a sample in ratio to Ra, the 3He/4He 
ratio of the atmosphere. Consequently, R/Ra values tending to 1 indicate samples with 3He/4He 
samples with concentrations similar to that of the atmosphere. The VG5400 has an analytical 
uncertainty of 1% for He and Ar concentrations, 2% for Ne, Kr and Xe and 2,5% for 3He/4He 
ratios. 
Tritium analysis is conducted on a Helix SFT mass spectrometer with a sensitivity of 0.02 TU. 
Tritium is measured through the 
3
He ingrowth method with 
4
He isotope dilution (further 
discussed in Papp et al., 2012). The sample is first distilled into glass flasks, then degassed 
via vacuum pumping to ensure the removal of dissolved gasses.  The sample is then stored 
in metal bulbs for a certain period of time to allow 3He to accumulate in the water through 
tritium decay. Finally, the helium fraction that has formed is admitted to the noble gas mass 
spectrometer to measure the 
3
He activity. The tritium concentration of the sample is calculated 
using the measurement of helium isotopes.  
 
Figure 24 – Helix SFT mass spectrometer which separates 3He into a 
SEM (left arm) and 4He into the Faraday Cup (collector on middle right 
of figure). 
3.4.3 Radiocarbon 
Radiocarbon activity is measured using the EnvironMICADAS accelerated mass spectrometer 
(AMS) at the Isotope Climatology and Environmental Research Centre (ICER) of the Institute 
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for Nuclear Research in Debrecen, Hungary. Radiocarbon is analysed through the 
graphitization of the dissolved inorganic carbon in the sample and the subsequent mass 
spectrometric analysis of the graphite. At ICER, the preparation of water samples is dependent 
on carbon content as low dissolved carbonate content (LDC) samples are prepared differently 
than high dissolved carbonate content (HDC) (Molnár et al., 2013). Before sample preparation, 
the carbon content per sample was determined by the following equation: 
Carbon content (mg) = Measured alkalinity (HCO3, CO3) * 0.6 *12 / molar mass of HCO3 * 
0.500 L 
3.4.3.1 Low dissolved carbonate content (LDC) samples (< 0.5 mg C) 
LDC samples can be treated in one of two ways. In the first method, up to 500 ml of water is 
transferred to a 1 000 ml flask and then closed with a dry-ice trap attached to the top of the 
flask. The entire sample is quickly removed via vacuum pumping. 5 ml of 85% phosphoric acid 
is injected into the sample and magnetically stirred. CO2 produced from the sample can then 
be admitted to the combustion line. In the second method, 0.5 g of 40 M NaOH is added to 
each 500 ml sample in order to increase its pH to ± 11. 6 – 7 ml of BaCl2 is added to the 
solution in order to precipitate BaCO3 and BaSO4 (Fig. 25). The precipitate that has collected 
is rinsed in order to achieve a neutral pH. The precipitate is then centrifuged for 2 minutes at 
3 600 rpm and dried. This precipitate is then transferred to a flask and treated with phosphoric 
acid. The resultant CO2 can be admitted to the combustion line. 
 
Figure 25 – BaCO3 and BaSO4 
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3.4.3.2 High dissolved carbonate content (HDC) samples (> 0.5 mg C) 
10 – 20 ml of HDC sample is transferred to a closed 70 ml reaction cell already containing 3 
ml of 85% phosphoric acid and subsequently heated at 75°C for one hour in order to facilitate 
the liberation of CO2 gas from the dissolved carbon. The CO2 is then separated from water at 
-78ºC and finally trapped at cryogenic temperature. The CO2 gas – obtained by the various 
preparation methods described above – is transferred to a sealed quartz tube containing 10 
mg titanium hydride, 60 mg zinc and 4.5 mg of powdered iron in order to be graphitized. This 
test tube is heated for three hours at 500°C to liberate hydrogen followed by five hours at 
550°C in an oven to facilitate graphitization. A “magazine” containing 22 target holders, each 
containing a graphite sample, is then admitted to the AMS. 12C, 13C and 14C are measured 
simultaneously. Groundwater samples are analysed with two standards, a blank standard and 
a known carbon concentration standard. Analysis is repeated and average values based on 
the two runs are used for calculations. Statistics are also automatically run during analysis to 
remove any outliers. Radiocarbon activities are reported as percent of Modern Carbon (pMC) 
and modern samples have an uncertainty of < 3% (Molnár et al, 2013). 
3.4.4 δ13C-DIC 
Prior to analyses, δ13C samples were stored at 4°C until analysis could take place. δ13C 
analyses are conducted on a Gas Bench II (Thermo Finnigan) Delta Plus XL at the University 
of Lausanne, Switzerland. For groundwater samples, the sample block is kept at room 
temperature (15°C). 10 drops of 85% H3PO4 is added to an empty vial which is then sealed. 
Sample vials are purged to allow air in the vial to be replaced with helium. Once purging is 
complete, groundwater samples are added to the vial via a clean syringe. Samples with EC 
values greater than 80 µS/cm require dilution with distilled water but no less than 0.3 ml of 
sample can be used for analysis. CO2, which is produced in a reaction between DIC in water 
and H3PO4, is analysed. Sample sequences are analysed against standards of Carra Marble 
(δ13C = 2.05% VPDB). δ13C of DIC is reported against the standard of VPDB (Vienna Pee Dee 
Belemnite) in parts per mille (º/ₒₒ). 
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3.4.5 Total Carbon 
Groundwater samples were measured for total carbon (TC), total inorganic carbon (TIC), total 
organic carbon (TOC) and non-particulate organic carbon (NPOC) using the LiquiTOC system 
at the University of Lausanne, Switzerland.  High EC samples are diluted with distilled water, 
due to instrument sensitivity. The dilution factor for samples with EC values between 500 and 
1 000 µS/cm is 2x, and 5x for samples with EC values >1 000 µS/cm. 20 ml of sample is 
placed in a glass vial, covered with foil and refrigerated until analysis can take place. Analysis 
is conducted through the oxidation of carbon at 750°C and the subsequent detection of CO2 
by an NDIR (non-dispersive infrared) photometer with a detection limit of 0.5 ppm.  
3.5 Assigning Samples to Aquifer Type 
Before any results can be reported, classification of samples into their respective aquifers is 
imperative in order to make deductions about the different aquifer. Samples were classified 
following the methods outlined by Agyare-Dwomoh (2020) and Costaras (2019). Samples 
were initially classified by the geological group/formation provided by the property 
owners/managers. This approach was coupled with the use of borehole coordinates and 
depths overlain on geological outcrop shapefiles, courtesy of the Council for Geoscience. 
These assumptions were then confirmed through the characterisation of 222Rn and 87Sr/86Sr 
ratios in groundwater. Each aquifer has distinctive ranges for each of the isotopic tracers 
(Agyare-Dwomoh, 2020; Costaras, 2019).  
222Rn is derived from the decay of U- and Th-bearing minerals in rocks and as a result, tends 
to have higher concentrations in granite-hosted aquifers like that of the Cape Granite Suite 
(CGS). Although granitic rocks often do not store or transmit water, the Cape Granite Suite 
has been extensively fractured, resulting in the formation of a low-yielding aquifer. The study 
by Agyare-Dwomoh (2020) found that radon concentrations in the CGS reached levels of 370 
Bq/L whereas concentrations in sandstone units were significantly lower. The TMG and 
Bokkeveld Aquifers had average radon concentrations of 35 (1σ = 39) and 48 (1σ = 52) Bq/L, 
respectively; a single Witteberg Aquifer sample was measured at 12 Bq/L. Radon 
concentrations in the alluvial aquifers were highly variable and ranged from 3 – 653 Bq/L (?̅? = 
127). Groundwater from the Malmesbury Aquifer had an average radon concentration of 70 
Bq/L (σ = 53). 
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87Sr, which is formed through the decay of 87Rb, is present in most silicate minerals and can 
be used to track the interaction of groundwater with the aquifer host and the mixing of ground 
and surface water. Costaras (2019) found that groundwater from the TMG Aquifer had 
87Sr/86Sr ratios clustering at approximately 0.71000 whereas the CGS had values ranging from 
0.72500 – 0.73000. Groundwater sampled from the Malmesbury Aquifer had ratios between 
0.71500 – 0.73000. Although similar to that of the CGS, the Malmesbury samples have 
distinctly different groundwater chemistries. 
In both studies by Agyare-Dwomoh (2020) and Costaras (2019), basic cations and anions 
provided insight into classification as most of the aquifers tend to have distinctive basic 
chemistry (Appendix I). The TMG Aquifer is characterised by low concentrations of Na+ (<84 
mg/L) and Cl- (<160 mg/L). The Malmesbury Aquifer is associated with elevated HCO3- 
concentrations as high as 260 mg/L. The alluvial aquifers are often challenging to identify as 
they often have variable chemistry ranging from very good quality, which is similar to that of 
the TMG, to poorer quality with elevated HCO3- and SO42- concentrations. Groundwater 
samples from the Bokkeveld Aquifer possessed the highest SO42- concentrations (281 mg/L), 
but it is uncertain whether or not this is solely due to the host rock. The Witteberg Aquifer is 
associated with higher Ca2+, Mg2+ and HCO3- concentrations compared to any other aquifer 
systems sampled. The CGS, however, did not seem to possess any distinctive trends with 
regards to its basic geochemistry. The most distinctive parameter appears to be the total ionic 
concentration (TDS). The TMG Aquifer is typically characterised by concentrations less than 
100 mg/L which clearly sets it apart from the other aquifers (Turner, 2018). 
As the sample set overlaps with that of Agyare-Dwomoh (2020) and Costaras (2019), samples 
were classified using the above parameters. Due to the dataset size and areal extent thereof, 
samples were classified into aquifer systems rather than subaquifers in order to make further 
interpretations. On the basis of the above, the sample sites were thus classified into the six 
aquifers as follows: the alluvial, Witteberg, Bokkeveld, TMG, Cape Granite Suite and 
Malmesbury Aquifers. Results are presented per aquifer in the subsequent sections. Although 
28 noble gas, 59 tritium and 64 radiocarbon samples were collected (Sect. 3.1), a number of 
samples could not be analysed due to analytical limitations, and were subsequently 
categorised as lost. The final sample distribution is tabulated below (Table 4) and overlap 
between samples are presented in Table 5. 
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Aquifer 3H 3He 14C δ13C
Alluvial 6 5 6 8
Witteberg 1 1 1 1
Bokkeveld 6 2 5 6
TMG 26 14 13 34
CGS 9 2 8 10
Malmesbury 4 4 6 8
52 28 39 67
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Sample Name Aquifer 3H 3He δ13C 14C
ZH18-SU001 Alluvial x x x x
ZH18-SU002 Alluvial x x
ZH18-SU003 Alluvial x x
ZH18-SW001 Alluvial x x x x
ZH18-SW002 Alluvial x x x x
ZH19-CPT001 Alluvial x
ZH19-CPT004 Alluvial x
ZH19-KR001 Alluvial x x
ZH19-STB001 Alluvial x x x
ZH19-STB002 Alluvial x x
ZH18-ROB001 Witteberg x x x x
ZH18-BD001 Bokkeveld x x x x
ZH18-C001 Bokkeveld x x x x
ZH18-MON001 Bokkeveld x x x
ZH19-CAL001 Bokkeveld x x x
ZH19-CAL002 Bokkeveld x x x
ZH19-VD005 Bokkeveld x x
ZH18-BD002 TMG x x x x
ZH18-C002 TMG x x x x
ZH18-DB002 TMG x x x
ZH18-DB003 TMG x x x
ZH18-DB004 TMG x x x
ZH18-DD001 TMG x x x x
ZH18-DD002 TMG x x x x
ZH18-FH001 TMG x x x x
ZH19-FH004 TMG x x
ZH19-FH009 TMG x
ZH18-GRB001 TMG x x x
ZH18-PE001 TMG x x
ZH18-VD001 TMG x x x
ZH18-VD002 TMG x x x x
ZH18-VD003 TMG x x x x
ZH19-VD004 TMG x x x
ZH19-VD006 TMG x x
ZH19-BK002 TMG x x
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Table 5 Continued. 
 
 
Sample Name Aquifer 3H activity 3He δ13C VPDB 14C activity
ZH19-CD001 TMG x x
ZH19-CD002 TMG x x
ZH19-CD003 TMG x x
ZH19-CD004 TMG x x
ZH19-CPT002 TMG x






ZH19-NY001 TMG x x x
ZH19-PV002 TMG x x
ZH19-RV001 TMG x x
ZH19-SW003 TMG x x x
ZH19-TM001 TMG x
ZH18-KB001 TMG x x x x
ZH18-FH003 Granite x x x
ZH19-BK001 Granite x x x
ZH19-FH005 Granite x x x
ZH19-FH006 Granite x
ZH19-FH007 Granite x x x
ZH19-FH008 Granite x x x
ZH19-MAL001 Granite x x x
ZH19-W001 Granite x x
ZH18-KB002 Granite x x x x
ZH18-R001 Granite x x x x
ZH18-DB001 Malmesbury x x
ZH18-DK001 Malmesbury x x x x
ZH18-FH002 Malmesbury x x x x
ZH18-PV001 Malmesbury x x x x
ZH19-MB001 Malmesbury x x x
ZH19-PAA001 Malmesbury x x
ZH19-RBK001 Malmesbury x
ZH18-SV001 Malmesbury x x
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4 RESULTS 
As discussed in section 3.5, the samples have been divided into the six aquifers. The alluvial 
samples are represented by yellow circles, the Witteberg by grey circles, the Bokkeveld by 
green triangles, the TMG by blue diamonds, the CGS by red triangles and the Malmesbury by 
orange squares. All results are presented per aquifer in the section below following this symbol 
classification.  
4.1 Field Chemistry 
4.1.1 Electrical Conductivity (EC) 
The TMG Aquifer has an average EC of 210.3 µS/cm, but ranges from 12.6 – 2570.0 µS/cm 
(n = 35). A few coastal samples have elevated EC values that are not generally associated 
with the aquifer, particularly samples from Kleinmond (KM001 – KM003) and Cape Town 
(CPT003, CPT005 and CPT006). Generally, groundwater EC values for the TMG Aquifer are 
lower and less variable than the other aquifers (Table 6). Groundwater from the alluvial 
aquifers range from 195.5 – 951.0 µS/cm (?̅? = 531.4; n = 10). The Stellenbosch samples 
(SU001 – SU003 and STB001 – STB003) have lower EC values compared to samples from 
Kuils River (KR001) and the coastal towns of Somerset West (SW001 and SW002) and Cape 
Town (CPT001 and CPT004). The CGS Aquifer has EC values between 40.9 – 1 074.0 µS/cm 
(?̅? = 365.9; n = 10). EC values from the Franschhoek (FH003, FH005 – FH008) and Bainskloof 
area (BK001) are 150 µS/cm or below whereas other granitic samples are higher. EC ranges 
from 63.7 – 1 753.0 µS/cm (?̅? = 603.3; n = 8) in groundwater from the Malmesbury Aquifer. 
The Bokkeveld Aquifer has the highest EC values, ranging between 135.2 – 2 970.0 µS/cm 
(?̅? = 1 272.3; n = 6). Conductivity for the Witteberg Aquifer was measured at 2 500 µS/cm. 
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4.1.2 Alkalinity 
Groundwater samples from the TMG are characterised by significantly lower alkalinity values 
than the other aquifers. A number of samples had no measurable alkalinity and are recorded 
as 0 mg/L in Table 6 below. The maximum recorded alkalinity for the TMG Aquifer was 42.2 
mg/L (?̅? = 6.1). Samples from the alluvial and CGS Aquifers have similar alkalinity values to 
the TMG Aquifer, ranging from 4.6 – 50.3 ( ?̅?  = 25.1) and 2.6 – 47.9 mg/L ( ?̅?  = 17.5), 
respectively. Samples from the Malmesbury, Bokkeveld and Witteberg Aquifers have higher 
measured alkalinities. The Malmesbury Aquifer has alkalinity values ranging from 18.4 – 213.1 
mg/L (?̅?  = 365.9) whereas groundwater from the Bokkeveld Aquifer has alkalinity values 
ranging from 41.7 – 282.9 mg/L (?̅?  = 365.9). The highest recorded alkalinity is from the 
Witteberg Aquifer at 426.3 mg/L. 
4.1.3 pH 
pH values for the entire dataset range from 3.8 – 8.0. Groundwater from the TMG Aquifer 
tends to be quite acidic, and has the largest range from 3.8 – 6.7 (?̅? = 5.2). Groundwater from 
the other aquifers tend to be slightly more basic. pH values for the Malmesbury aquifer range 
from a minimum of 6.0 to a maximum of 8.0 (?̅? = 7.0). pH values from groundwater in the 
Bokkeveld Aquifer range from 6.3 – 7.6 (?̅? = 6.8). The CGS Aquifer ranges from 4.5 – 6.6 (?̅? 
= 6.1). The single Witteberg sample returned a pH of 6.8. The alluvial aquifers had 
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4.2 Isotopes 
4.2.1 δ13C-DIC 
Groundwater from the TMG Aquifer has δ13C values ranging from -20.66 to -11.51 º/ₒₒ (?̅? = -
15.47). The Malmesbury Aquifer samples possess a similar range of -25.37 to -11.13 º/ₒₒ (?̅? = 
-15.80). The alluvial aquifers have a range of -15.87 to -9.52 º/ₒₒ (?̅? = -12.17) whereas the 
δ13C values from the granitic aquifer range from -18.32 to 12.11 º/ₒₒ (?̅? = -15.26). Groundwater 
from the Witteberg and Bokkeveld Aquifers have the most positive δ13C values in the dataset. 
δ13C for the Witteberg Aquifer was measured at -5.11 º/ₒₒ whereas a range of -18.28 to -1.47 
º/ₒₒ (?̅? = -10.45) is measured for the Bokkeveld. The three relatively enriched samples from 
the Bokkeveld and Witteberg are uncommon in the dataset and have had an addition of carbon 
along the flow path. In contrast, the more negative values from the alluvial, TMG, CGS and 
Malmesbury aquifer suggest an interaction with inorganic sediments. δ13C values are 
presented as a function of δ18O for the respective aquifers in Fig. 26 below.  
 
Figure 26 – Range of groundwater DIC δ13C values compared to 
δ18O values from Agyare-Dwomoh (2020). 
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4.2.2 Radiocarbon Activity 
Measured activities for the entire dataset range from 11.39 – 102.62 pMC (Fig. 27). From the 
statistical data, the TMG and alluvial aquifers have the highest radiocarbon activities. 
Radiocarbon activity in the TMG Aquifer ranges from 72.80 – 99.55 pMC. 14C activity in the 
alluvial aquifer ranges from 80.46 to 110.96 pMC. The Cape Granite Aquifer has a large range 
in radiocarbon activities (33.94 – 101.57 pMC), however the bulk of these samples tend to 
have higher activities. Radiocarbon activities exceeding 100 pMC from both the CGS and 
alluvial aquifers suggests the groundwater was recharged after 1950. The Malmesbury (26.65 
– 59.55 pMC) and Bokkeveld Aquifers (23.10 – 77.75 pMC) are the aquifers that exhibit the 
lowest radiocarbon activities, indicating generally older water. Only a single sample was 
collected from the Witteberg Aquifer which had a measured 14C activity of 11.39 pMC. 
 
Figure 27 – Statistical data of measured radiocarbon activities per 
aquifer presented in a box and whisker plot. 
 
Despite having collected 64 samples to be measured for radiocarbon activity, only 37 yielded 
results. This is due to the fact that many of the samples did not contain enough dissolved 
inorganic carbon on which to conduct analyses. The bulk of these samples have been 
classified as having come from the TMG Aquifer which is characterised as having low alkalinity 
(Sect. 4.1.2). 
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4.2.3 Tritium Activity 
Tritium activities in the dataset range from 0.10 – 3.22 TU.  Both samples collected from Ceres, 
C001 (Bokkeveld) and C002 (TMG), have elevated tritium values (2.8 – 3.2 TU) in comparison 
to samples collected from other regions (0.0 – 1.4 TU). Otherwise, a general trend exists 
where higher tritium activities (+/- 1.4 TU) are associated with high radiocarbon activities (Fig. 
28). As radiocarbon activities exponentially decrease, so do tritium activities. High tritium 
activities are generally associated with the alluvial, TMG and CGS Aquifers whereas low 
tritium activities are associated with the Witteberg and Malmesbury Aquifers. All 
measurements are presented in Table 7 at the end of this section. 
 
Figure 28 – An exponential decrease in radiocarbon activities is 
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4.2.4 Noble Gas Data 
R/Ra values are presented as a function of 14C activity (Fig. 29). TMG and alluvial aquifer 
samples tend to have R/Ra ratios close to 1 whereas samples from the Witteberg, Bokkeveld 
and Malmesbury have lower ratios. Most samples display an exponential decrease in R/Ra 
values as the 14C activity decreases, implying that samples with high 14C activities have been 
in contact with the atmosphere more recently than the samples with lower R/Ra values. The 
14C activity of an anomalous Malmesbury sample (FH002) with 26.65 pMC suggests it is old, 
however the R/Ra value indicates it may have had recent atmospheric interaction. 
 
 
Figure 29 – 3He/4He ratios of measured samples (R) compared 
to atmospheric concentrations (Ra) as a function of measured 
radiocarbon activity. 
 
Samples collected for helium were additionally analysed for Ne, Ar, Kr and Xe and are 
reported in Table 8 in the section below.  
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5 GROUNDWATER RESIDENCE TIME 
The calculation of groundwater residence times from measured isotopic tracer activities, 
particularly those of radiocarbon, often involve a number of assumptions. The approach and 
calculations used to determine apparent ages are discussed below. The suitability of the 
resultant residence times and the factors which impact them, will also be evaluated in the 
following section. 
5.1 Calculation Methodology 
5.1.1 Noble Gas Residence Times 
In order to calculate the apparent ages through the tritogenic helium system, the following 







 (Eq. 8) 
 
where  𝜏 is the apparent age; 
𝐻𝑒3  is the helium concentration produced by tritium decay; 
𝐻3  is the tritium activity; and 
12.32 is the half-life of 3H. 
Using the calculation above, apparent ages were calculated for 27 samples which are reported 
with their associated errors in Table 8. An age could not be calculated for sample DB001 as 
the tritium sample was lost. Calculated ages range from 0.00 to 84.71 years. Of the 27 
samples, 7 samples returned an apparent age of zero years. Zero aged samples which are 
associated with reasonably large errors (>25.0 years) are assumed to have not been recently 
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recharged, but rather that an age could not be obtained as the water is older than what the 
3H/3He system is able to date. Zero aged samples with lower uncertainty (<25 years), however, 
could possibly be very recently recharged and the true residence time may be within error. 
Excluding zero ages, apparent ages for the alluvial aquifers range from 2.8 ± 15.5 to 62.5 ± 
6.1 years. Samples collected from the TMG Aquifer range from 0.3 ± 7.4 – 44.6 ± 4.9 years. 
The two Bokkeveld samples returned ages of 58.5 ± 0.9 and 84.7 ± 3.4 years. Groundwater 
from the CGS Aquifer has apparent ages between 3.7 ± 19.2 – 10.0 ± 13.0 years. Of the four 
noble gas samples collected from the Malmesbury Aquifer, only a single age of 45.50 ± 3.0 
years could be calculated. An age could not be calculated for the noble gas sample collected 
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5.1.2 Radiocarbon Model Ages  
To calculate the apparent age of groundwater using radiocarbon activity, the following 







) (Eq. 9) 
      
where  𝜏 is the apparent residence time; 
 5 568 is the Libby half-life of radiocarbon (Libby, 1955); 
 𝐴0 is the initial radiocarbon activity; and 
 𝐴0 is the measured radiocarbon activity. 
Residence time calculations are often more complicated than this as Equation 8 does not take 
into account the loss or addition of carbon along the flow path. Mixing of groundwater with 
inorganic sediments may lower the δ13CDIC whereas mixing with carbonatic rocks will increase 
the δ13CDIC. Elevated 14C in precipitation also poses a problem as radiocarbon activities 
exceeding 100 pMC suggest modern waters that have been recharged after 1950 when 
atmospheric carbon concentrations were artificially elevated due to nuclear weapons testing. 
As a result, recharge radiocarbon (A0) is difficult to constrain. 
After considering the available data, the suitability of a number of correction models was 
evaluated and a bulk correction using the Ingerson-Pearson model (1964) was used. This 
model assumes simple mixing between soil CO2 and carbon produced by the dissolution of 
carbonate minerals in the host rock or its matrix. The model assumes that any changes in 14C 
will be reflected in 13C and does not account for any other additions or losses of carbon 
(Ingerson & Pearson 1964). The dilution of carbon along the flow path is represented by 
Equation 9: 





 (Eq. 9) 
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where q is the dilution factor 
δ13CDIC is the δ13C of the groundwater sample; 
δ13Csoil is the δ13C of soil gas; and 
δ13Ccarbonate is the δ13C of the rock. 
δ13C is affected by the vegetation cover and the photosynthetic pathways it uses. The δ13C 
values of C3 and C4 plants are supposedly very distinct, with C4 species ranging in value from 
-19 to -9‰ whereas C3 species possess values of -35 to -22‰ (O’Leary, 1988). Values 
between -14 and -26‰ suggest a mix of C3 and C4 plants in the vegetation cover (Stock et al. 
1993). The dominant plant species in the Western Cape, Renosterveld and Fynbos, have 
been estimated as equal parts C3 and C4 plants. Despite the fact that the indigenous plant 
cover has been extensively mapped, no literature was available detailing the δ13C values 
thereof. In addition, sample sites were often either built-up (urban) or replaced by production 
crops, further complicating calibration. As no soil samples were taken for DIC analysis, δ13C 
of the soil is estimated in the correction model. 
Due to the fact that the samples were collected across an extensive area, samples are 
grouped according to aquifer/region and assumptions regarding soil δ13C are made. Sample 
δ13C and 14C activities are plotted per aquifer type and a ‘mixing’ line from 100 pMC to 0 pMC 
is drawn through the samples to represent the addition of dead carbon along the flow path. 
The y-axis value, corresponding to the input radiocarbon (100 pMC), is the assumed initial 
δ13C value of the soil. Vertical lines assume that the soil δ13C at groundwater infiltration does 
not acquire dead carbon along its flow path and remains more or less similar as the water 
ages.  
Due to the fact that samples were taken from a large area across the province and are from 
multiple aquifers, soil and vegetation types, this ‘mixing’ line is not applicable to all samples 
within an aquifer and multiple possible mixing lines have been constructed. Multiple δ13C soil 
values are assumed using this method and sampled values that are grouped are often found 
to be in same region. This is the case with samples in the Franschhoek Valley that are located 
close to one another (likely the same bulk vegetation and soil) and from the same aquifer. In 
these cases, with multiple possible soil δ13C values, a δ13C value is selected on which best fits 
the data.  
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This approach works well for samples in the alluvial, Bokkeveld, TMG and CGS Aquifers. The 
approach, however does not work for the Witteberg and Malmesbury Aquifers. The Witteberg 
sample does not allow for the construction of a mixing line as two or more samples are needed. 
It is, however, suspected that there has been some dissolution of carbonate-bearing minerals 
as this aquifer boasts the highest concentrations of Ca2+, Mg2+ and HCO3- (Agyare-Dwomoh, 
2020). The Malmesbury Aquifer has ample sample sites but a mixing line through three of the 
samples assumes a soil δ13C value of -60 ‰, which seems unlikely. For these three samples, 
a δ13C value of -19.5 ‰ is assumed instead. 
All aquifer rock types except the Bokkeveld are assumed to have δ13C values of 0 ‰. A δ13C 
value of 2 ‰ is assumed for the Bokkeveld as 0 ‰ results in a clearly false over correction of 
14C activity as one sample had increased by 130 pMC during correction. All possible mixing 
lines are constructed per aquifer (Fig. 30). Assumptions regarding δ13C, the resultant dilution 
factors and apparent ages are presented in Table 9 below.  
Ages calculated from samples with corrected radiocarbon activities exceeding 100 pMC are 
reported as being younger than 70 years as the input radiocarbon post-1950 is unconstrained. 
Calculated ages from the alluvial aquifer indicate that the alluvial aquifer has been recharged 
within the last 70 years except for sample STB001 which has an apparent age of 1 903 years 
BP (before present). The Witteberg sample has an apparent age of 6 699 years. The 
Bokkeveld Aquifer ranges from 1 200 – 6 038 years BP. A large proportion of TMG samples 
are younger than 70 years, however there are a few older samples which range from 46 – 1 
626 years BP (before 1950). Ages for the CGS Aquifer range from <70 – 8 648 years. The 
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5.2 Evaluation of Residence Times 
The calculation of noble gas and radiocarbon ages involves propagation in measurement 
error, therefore it is important to evaluate the validity of the resultant ages. In particular, 
radiocarbon calibration relies on many assumptions and as a result, there is often considerable 
variability in the results depending on what assumptions were made. Although the 3H/3He 
system is more accurate than 14C in dating groundwater, sampling and measurement errors 
may also result in variable ages. Before any conclusions can be drawn on residence times, 
the validity of apparent ages needs to be evaluated. 
5.2.1 3H/3He Apparent Ages 
5.2.1.1 Analytical Error 
In Fig. 31, apparent 3H/3He ages have been plotted against atmospheric tritium concentrations 
for Cape Town from the Global Network of Isotopes in Precipitation (GNIP) (IAEA/WMO, 
2016). The graph indicates elevated 3H in precipitation around 1960, which reaches peak 
concentrations of approximately 45 TU around 1968 before decreasing back to background 
levels. Despite the fact that precipitation data is erratic after 1988, the tritium curve still 
provides insight into modern tritium in precipitation. The reliability of calculated ages was 
assessed by their helium concentrations and reliable samples should intersect the tritium 
curve.  
Samples with green markers are considered reliable as they usually lie on the tritium curve 
and have small margins of error associated with them (Fig. 31). Samples with red markers, 
however, are regarded as unreliable as they have large associated errors, and are often not 
located on the tritium curve. These errors are propagated during calculations from the initial 
error in measurement. Unreliable ages belong to samples ROB001, BD001, VD002 and 
GRB001. ROB001 and BD001 contain excess helium whereas sample VD002 contains too 
much excess air that cannot be corrected for. Sample GRB001 shows evidence of degassing 
as its noble gas concentrations are less than that of solubility equilibrium. These four samples 
with unreliable ages are some of the youngest in the dataset.  
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Figure 31 – Tritium curve for Cape Town precipitation (blue line) from the GNIP database 
(IAEA/WMO, 2019) with residence ages and 3H + 3Hetrit values for samples; samples 
GRB001, VD002 and ROB001 are considered unreliable, sample BD001 plots off the 
graph. 
From both Fig. 31 and 32, it is evident that there is higher uncertainty in younger samples as 
there are larger errors in their 3H and 3He measurements. Comparing the calculated noble gas 
ages for the 20 samples with ages above zero with their uncertainty shows that there is an 
exponential decrease in the error of the calculated age the older the apparent age. The large 
error in dating young waters can be attributed to the fact that as tritium concentrations have 
returned to background levels, the input tritium becomes quite low. When tritium activities are 
low, analytical precision of subsequent measurements are lower which introduces error.  
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Figure 32 – Calculated ages of young samples tend to have higher 
associated errors than compared to older samples. 
5.2.1.2 Input Tritium Activity 
Some difficulty arises in tritium data analysis as modern input tritium for the Western Cape is 
not definitively constrained. Isotope data is available from the GNIP database but is incomplete 
for modern precipitation as sample collection became sparse around 1980. Concentrations in 
precipitation are highly variable and are dependent on a number of factors that include but are 
not limited to: rainfall intensity, duration and proximity to the coast.  
In Paarl, tritium activities in rainwater ranged from as low as 0.2 TU to as high as 4 TU for 
different rainfall events measured over the course of a year (van Rooyen, unpublished data). 
From this data, the mean annual tritium input is calculated to be approximately 1.58 TU. For 
rainfall events greater than 5 mm, which is thought to contribute to the bulk of groundwater 
recharge, an annual average tritium concentration of 1.33 TU has been calculated. In contrast, 
rainfall events less than 5 mm have an average annual concentration of 1.97 TU. Considering 
winter rainfall only, the average input is approximately 1.26 TU (Van Rooyen, unpublished 
data). The type of rainfall events that actively recharge the aquifers in this study are also 
unconstrained but it is assumed that the main recharge occurs in winter through rainfall events 
greater than 5 mm. Due to the fact that input tritium is highly variable, the resultant 
concentrations in newly infiltrated groundwater will be highly variable as well, creating difficulty 
in distinguishing between young and older waters through tritium alone. Despite having 
reached levels up to 30 times as high as pre-bomb values (levels (GNIP data, Fig. 31), bomb 
peak concentrations are also no longer identifiable as they would have decayed to background 
levels by now.  
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Another factor which impacts analytical accuracy is distance from the ocean. In Fig. 33 below, 
it is evident that analytical error on tritium measurements increases with increasing proximity 
of the sample site to the coast. The ocean is a vast water body which is relatively depleted in 
tritium (compared to 2H), effectively diluting the tritium concentrations of the water vapour 
which forms above it. As a result, coastal precipitation contains low concentrations of tritium 
(Schell et al., 1970). As a weather system migrates from the coast further inland, recorded 
tritium concentrations in precipitation tend to increase. This is due to the injection of 
stratospheric air with high tritium concentrations into the troposphere and the exchange of 
atmospheric water vapor with continental surface waters that generally have higher tritium 
concentrations than those found in ocean water. (Michel et al., 2018). This would suggest that 
the source of tritium in precipitation in continental regions is mostly the tritium produced in the 
upper atmosphere with little contribution from ocean evaporate (Cauquoin et al., 2015). 
 
Figure 33 – Increasing distance from the coast is associated with smaller 
measurement errors in samples. 
5.2.1.3 Comparison to Previous Work 
Several springs in the Drakenstein Mountains (Paarl) that emanate from the Peninsula 
Formation of the TMG and flow throughout the year have been dated using the tritogenic 
helium method (Fig. 34) (Miller et al., 2017) Residence times for these springs from the Miller 
et al. (2017) study were constrained to be between 17.6 ± 14.0 and 33.8 ± 7.1 years. This 
study dated the same springs after the drought in 2018 and found the residence times to be 
similar at 0.0 ± 24.0 years to 33.0 ± 3.6 years (Table 10). 
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Table 10 – Comparison of residence times for springs in the Drakenstein Mountains using the 3H/3He 
dating system in 2017 and 2018. 
 
 
The calculated ages for both studies lie within the same range, indicating reliable ages. Data 
for springs 3 and 4 have better constraints on residence times in 2018 as the uncertainty in 
age is smaller. Calculated ages for the two springs (3 and 4) are slightly younger in 2018 than 
in 2017, which can be further substantiated by the increase in tritium in 2018. The apparent 
age for spring 5, however, had lower uncertainty in 2018. After evaluating the 2017 data for 
spring 5 (upper limit: 33.8 years; lower limit: 21.0 years), it can be assumed that the residence 
time for the spring is between 21 – 24 years in 2018.  
 
Figure 34 – Location of the three Peninsula springs (enclosed in red box) in the 
Drakenstein Mountains, Paarl (Miller et al., 2017). 







°S °E yr TU yr TU
3 / DB002 -33.785273 19.00311 33.8 ± 7.1 0.5 33.0 ± 3.6 0.82
4 / DB003 -33.78544 19.002665 17.6 ± 14.0 0.4 9.0 ± 8.5 0.96
5 / DB004 -33.785524 19.002441 27.4 ± 6.4 0.6 0.0 ± 24 0.54
2017 (Miller et al.) 2018 (This study)
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These three springs are located less than 100 metres apart, so it is assumed that they are 
recharged at the same source. Stable isotope studies of both spring water and precipitation at 
the study site suggest the springs are recharged by local precipitation that falls in the area 
hinterland to the springs (~820 mamsl) and not derived from higher elevations (mamsl) (Miller 
et al., 2017). Miller et al. (2017) further concluded that the springs are recharged by all rainfall 
events and not just orographic rainfall. A decrease in tritium concentrations due to the 
radioactive decay of existing tritium and no addition of new tritium, is an indication of very little 
(no considerable mixing to affect the existing concentrations) to no recharge of the 
groundwater. The increase in tritium activity in springs 3 and 4 between 2017 and 2018, 
however, indicates that tritium has entered the system between the two sampling dates further 
confirming that these springs are quickly recharged by the precipitation that falls in the 
Drakenstein Mountains. Spring 5, however, does not appear to have shown a response to 
recharge a year after the drought broke and it is assumed that there is a delay in recharge 
compared to the other two springs.  
Groundwater of the TMG Aquifer in the Verlorenvlei Catchment (near Elands Bay) has also 
been age dated by Turner (2018). Three ages were obtained for the aquifer and range 
between 57.41 ± 3.1 to 34.83 ± 6.4 years. Although there is no overlap in study area between 
these two studies, the young apparent ages determined by Turner (2018) suggest that the 
TMG Aquifer may have short residence times throughout the entire extent of the aquifer. As 
noble gas dating is still relatively novel in South Africa, the residence times determined in this 
project cannot be compared to any sources other than Miller (2017) and Turner (2018) as 
there has been no further investigation of the five aquifers that have been studied in this 
project. 
5.2.2 14C Model Ages 
5.2.2.1 Analytical Error 
The main complication concerning radiocarbon dating in this study was in obtaining samples 
with sufficient carbon content. Consequently, a number of samples were unable to be 
analysed, particularly from the alluvial and TMG Aquifers. 14C occurs in trace amounts and 
has concentrations that are relatively low in comparison to its stable counterparts – 12C and 
13C – all of which are measured using the total carbon content dissolved in the groundwater. 
Samples with the highest 14C activities tend to have the lowest carbon contents. This can be 
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attributed to the fact that modern water, which is associated with high 14C activities, is sourced 
from precipitation that has low amounts of dissolved carbon. These modern waters have often 
not yet had time to pick up additional carbon from inorganic or organic sources (aquifer host 
or sediments and vegetation). Consequently, samples that have been recently recharged, 
have little dissolved carbon. This is particularly true in the case of the TMG Aquifer as the 
geology does not have a high concentration of carbon/carbonate-bearing minerals and 
recharge often occurs in regions where the bare rock is exposed with little soil and vegetation 
cover. As a result, the lower the carbon content of the groundwater on which to perform 
analyses, the greater the error in measurement due to analytical sensitivity (Fig. 35). 
 
Figure 35 – An increase in measured radiocarbon activity of samples 
(white diamonds) is associated with increased analytical error. 
 
5.2.2.2 Input Carbon Content 
Although 14C activities could not be determined for several samples, this in itself may be an 
indication of young waters as a relationship exists between total carbon (TC) and 14C activity. 
There is an increase in total carbon as 14C activity decreases (Fig. 36). The bulk of the TMG, 
alluvial and CGS samples have high 14C activities but low carbon content. Samples from these 
aquifers are the samples that were often lost due to insufficient carbon. After evaluation of the 
carbon data in Appendix II and apparent trends within each of the aquifers, it is assumed that 
samples which could not be analysed for 14C, likely have activities between 80 – 110 pMC. 
They are assumed to be younger as they have not yet had time to pick up significant quantities 
of carbon along their flow paths. Based on this assumption, samples PE001 and GRB001 are 
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assumed to have radiocarbon residence times of less than 70 years, which is corroborated by 
their noble gas ages (Table 8, sect. 5.1.1). 
 
Figure 36 – 14C activity as a function of total carbon concentrations 
per aquifer. 
 
5.2.2.3 Comparison to Previous Work 
Radiocarbon ages for the TMG Aquifer correspond reasonably well with previous work 
conducted by Weaver et al. (1999), Miller et al. (2017) and Turner (2018). Attempts to date 
the TMG Aquifer in the Agter-Witzenberg Valley (near Ceres), produced 14C contents 
exceeding 100 pMC (Weaver et al., 1999). To corroborate the noble gas dating of the springs 
in the Drakenstein Mountains (section 5.2.1.3), radiocarbon samples were collected at the 
same sites and yielded activities between 99.9 ± 0.4 and 102.8 ± 0.3 pMC (Miller et al., 2017). 
Finally, radiocarbon dating in the Verlorenvlei catchment (near Elands Bay) produced carbon 
contents of 95.2 and 98.7 pMC and calibrated ages of 235 and 597 years before present (BP) 
(Turner, 2018). Although 14C activities have often not been calibrated to residence times, 
measured radiocarbon activities in the aforementioned studies often exceed 100 pMC which 
is an indication of modern recharge. This correlates well with the dataset of this study as the 
correction model produced several samples that are less than 70 years old. Despite only two 
calibrated ages, the residence times calculated by Turner (2018) also indicate that calibration 
of radiocarbon ages for this study are realistic as ages range between <70 – 1 742 years. 
Additionally, Weaver et al. (1999) dated boreholes drilled into the Bokkeveld Aquifer, which 
produced radiocarbon activities between 30 and 73 pMC, corresponding to residence times of 
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8.1 – 1.2 ky. Residence times determined by Weaver et al., (1999) correlate well with data 
captured for the Bokkeveld in this study as 14C contents range between 23.1 – 62.1 pMC, 
producing residence times of 6.0 – 1.2 ky. It is possible that these samples may have been 
over-corrected as evaluation of their δ13C values indicates addition of dead carbon along the 
flow path. Residence times for groundwater of the Malmesbury Aquifer in the Verlorenvlei 
catchment have been constrained to 9.4 – 2.5 ky (Turner, 2018). This indicates good 
correspondence of calculated residence times of 11.1 – 4.0 ky for the same aquifer in this 
study. Turner (2018) constrained residence times for the alluvial aquifer to be between 1597 
– 268 years. This is in slight disagreement with data captured in this study which constrain 
residence times as younger than 70 years although one sample returned an age of 1 783 
years. Turner’s noble gas ages for this aquifer, however, were in the range of 34.6 – 47.6 
years. Turner hypothesized that the discrepancy between 14C and noble gas ages is due to 
additional packages of water continuously contributing to recharge along the flow path. 
There have been extensive studies on the thermal springs which emanate from the TMG 
Aquifer. Through the use of 14C in conjunction with δ2H and δ18O, Mazor and Verhagen (1983) 
and Diamond and Harris (2000) have confirmed that thermal springs along the CFB have 
meteoric origins and have been recharged during the Holocene (Olivier and Jonker, 2013). Of 
the numerous springs in the Western Cape, two were sampled in this study, namely the 
Montagu and Citrusdal (The Baths) springs. The Citrusdal spring emanates from the Nardouw 
(TMG) Aquifer whilst the origin of the Montagu spring has been reported as the fault between 
the Bokkeveld and TMG lithologies (Diamond and Harris, 2000). Due to its chemistry, the 
Montagu spring has been classified as a Bokkeveld sample in this study.  
Although the Citrusdal spring was sampled for radiocarbon in this study, unfortunately no 
measurement could be obtained. Mazor and Verhagen (1983), however, estimate the 
residence time of The Baths (Citrusdal) to be on the order of approximately 3 ky (71 pMC). 
The Montagu Baths sampled in the same study had a measured 14C activity of 49.1 pMC 
(Mazor and Verhagen, 1983). This is in fair agreement with the Montagu sample collected in 
2018 which provided a 14C activity of 55.5 pMC which corresponds to a residence time of 
approximately 5 ky.  
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5.3 Comparison between 3H/3He and 14C ages 
The radiocarbon correction model is evaluated by plotting tritium activity (TU) against that of 
radiocarbon activity (pMC). Due to unconstrained modern input tritium and radiocarbon, the 
model assumes pre-bomb peak concentrations. Tritium has a short half-life (t1/2 – 12.32 years) 
in comparison to radiocarbon (t1/2 – 5 730 years), and hence it is expected that any measurable 
tritium would have decayed out of the water system by the time the radiocarbon activity 
decreases to approximately 99 pMC. This would be an ideal piston flow system where there 
is no mixing along the flow path, resulting in the decay curve seen in Fig. 37. The average 
input tritium in the Western Cape around 1950 is assumed to be similar to modern input and 
a value of 1.6 TU is assumed (Van Rooyen, unpublished data; section 5.2.1.2). Multiple mixing 
lines are constructed from input/recharge concentrations (100 pMC, 1.6 TU) to every ten pMC. 
These lines assume that recharge (precipitation) mixes with an older water body effectively 
altering the concentrations in the resultant water body, moving it along the mixing line. 
Increased mixing ratios will push concentrations closer to recharge concentrations. 
Samples that plot on the decay line are suspected to not have undergone significant mixing 
with any other water bodies as both tritium and radiocarbon are decaying in appropriate 
proportions. Samples that deviate to the right of the decay line are assumed to have been 
recharged during the ‘bomb-peak’ era as they have increased input radiocarbon which 
exceeds 100 pMC. A number of TMG samples plot on the decay line so it can be assumed 
that these samples have been recharged before the onset of nuclear weapons testing but 
have not undergone significant mixing with other water bodies. However, the bulk of the TMG 
and alluvial samples plot to the right of the decay line as well, suggesting that they have been 
recharged post-1950.  
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Figure 37 – Corrected radiocarbon activities plotted against tritium concentrations in 
groundwater. 
 
Samples that deviate to the left of the decay line are suspected to have undergone mixing with 
one or more water bodies of a significantly different age. One TMG sample, VD003 indicates 
mixing with an older body of water. This is substantiated by a radiocarbon residence time of 
1.7 ky and a noble gas age of 23.4 years. Two CGS samples, KB002 and FH005, indicate 
mixing with a water body or water bodies with an average pMC of 50 and 65 pMC, respectively. 
These samples appear to have high mixing ratios of close to 50% with recent recharge. 
Malmesbury sample PV001 indicates significant mixing (~30%) between recharge and a very 
old water body from which 14C has completely decayed out of. The position of another 
Malmesbury sample, FH002, indicates low mixing ratios of modern water and old water with 
55 – 60 pMC. Significant mixing (~30%) is also evident between ROB001 (Witteberg Aquifer) 
and modern water. Sample BD001 (Bokkeveld) indicates approximately 50% mixing of 
modern water with groundwater with an average 14C activity of ~70 pMC, which is evidenced 
by a younger noble gas age of 84.7 years. 
The mixing lines (Fig. 37) would look very different depending on the input tritium values, 
which can vary substantially. For this dataset they appear to fit the data reasonably well, 
however, the two samples from Ceres, C001 (Bokkeveld) and C002 (TMG) have higher tritium 
values than the other samples and plot above the mixing curves. It is uncertain whether this 
is attributed to the fact that the Ceres samples have been recharged post-1950 or that if the 
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region receives rainfall with higher tritium concentrations. From the positions of these samples, 
it can be assumed that the TMG sample has not undergone significant mixing whereas the 
Bokkeveld has high tritium and 80 pMC, indicating mixing of water along its flow path. 
Locations where residence times were calculated using both noble gas and 14C are compared 
in Table 11. Where 14C ages could not be determined due to the lack of DIC, this is indicated 
as ‘not determined’ (nd).  Overall, there is good correlation between the two dating systems 
as many of the samples that could be dated with noble gas have returned radiocarbon ages 
younger than 70 years old. Samples ROB001, BD001, PV001 and FH002 which returned zero 
noble gas ages and relatively old radiocarbon ages provide further evidence of mixing. 
Samples SU001, GRB001 and VD002 have returned zero ages in noble gas calculations, and 
either have radiocarbon ages younger than 70 years or activity could not be determined. 
There is, however, concern that there may be larger errors in the calculated 14C model ages 
for the older Bokkeveld, Witteberg and Malmesbury Aquifers than there are for ages in the 
TMG, CGS and alluvial aquifers. The approach used to estimate soil δ13C for these aquifers 
which have clearly had an addition of dead carbon along their flow path, may have over or 
under-corrected the 14C activities which could result in errors of hundreds to possibly 
thousands of years. Radiometric dating of groundwater is often associated with larger errors 
and propagation thereof due to the number of assumptions which are made. This is evident in 
this study, but evaluation of model ages against previous ages and activities determined for 
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Table 11 - Comparison between apparent ages calculated from the 3H/3He and 14C dating systems. 
 
5.4   Potential Proxies for Groundwater Residence Time 
With increasing groundwater residence time, the chemistry of the water is subject to change 
along the flow path. Dissolution of minerals, ion exchange and mixing of distinctly different 
water bodies may alter the groundwater chemistry. Physical characteristics of aquifers and 
boreholes also a play a role in recharge volumes, effectively impacting groundwater residence 
times. As a result, chemical and physical parameters may be an indication of relative 
residence times. Stable isotopes of hydrogen (δ2H) and oxygen (δ18O) as well as basic cations 
(Ca2+, Mg2+, Na+, K+) and anions (Cl-, HCO3-, PO42-, SO42-) were collected at the same sample 
sites by Agyare-Dwomoh (2020) and have been compared to the findings of this study to 
Sample Name Aquifer 3H/3He age (yr) ±1σ (yr) 14C age (yr)
ZH18-SW001 Alluvial 29.76 18.4 <70
ZH18-SW002 Alluvial 17.73 5.5 <70
ZH18-SU001 Alluvial 2.80 15.5 nd
ZH18-SU002 Alluvial 0.00 14.1 nd
ZH18-SU003 Alluvial 62.51 6.1 nd
ZH18-ROB001 Witteberg 0.00 292.5 6699
ZH18-BD001 Bokkeveld 84.71 3.4 1200
ZH18-C001 Bokkeveld 58.53 0.9 1794
ZH18-C002 TMG 0.32 7.4 <70
ZH18-BD002 TMG 44.59 4.9 <70
ZH18-GRB001 TMG 0.00 4.5 nd
ZH18-VD002 TMG 0.00 273.9 <70
ZH18-VD003 TMG 23.40 10.8 1626
ZH19-VD004 TMG 1.36 29.2 <70
ZH18-FH001 TMG 43.18 4.1 <70
ZH18-DD001 TMG 19.88 5.5 <70
ZH18-DD002 TMG 24.69 9.2 46
ZH18-PE001 TMG 35.05 9.0 nd
ZH18-DB002 TMG 32.99 3.6 nd
ZH18-DB003 TMG 9.04 8.5 nd
ZH18-DB004 TMG 0.00 24.0 nd
ZH18-KB001 TMG 29.81 3.9 <70
ZH18-KB002 Granite 3.70 19.2 2660
ZH18-R001 Granite 10.02 13.0 <70
ZH18-PV001 Malmesbury 0.00 283.7 3994
ZH18-FH002 Malmesbury 0.00 29.9 9624
ZH18-DK001 Malmesbury 45.50 3.0 7204
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ascertain whether it might be feasible to develop a proxy for residence time without doing the 
labour intensive work on determining actual residence time. 
5.4.1.1 Borehole Depth 
Boreholes of varying depths were sampled in this dataset, but some boreholes have unknown 
depths due to the fact that this information was provided by the water users. Borehole and 
wellpoint depths for the sample set range from 10 – 325 metres (Table 6). Additionally, a 
number of springs were sampled, both cold and hot. Depths of cold springs were recorded at 
0 m and depths of thermal springs were obtained from literature as extensive research has 
been conducted (Mazor and Verhagen; 1983; Diamond, 1997; Diamond and Harris, 2000). 
The Citrusdal and Montagu springs sampled in this study, circulate at great depths which as 
indicated by their groundwater temperatures (43 – 45 °C).  Boreholes and well points drilled 
into the alluvial aquifer tend to be relatively shallow, not exceeding 60 metres below ground 
level. The Cape Granite and Malmesbury boreholes had intermediate depths, reaching 
maximum depths of 142 and 235 metres, respectively. The deepest recorded boreholes are 
into the TMG and Bokkeveld Aquifers, which are 325 and 207 metres respectively. It is 
generally predicted that the residence time of groundwater will increase the further one moves 
away from the recharge zone as well as with increasing depth (Ma et al., 2019). As expected, 
there appears to be a general trend where the deeper the borehole from which the sample 
was collected, the longer the residence time of the sample. This holds true for all the aquifers 
sampled but the TMG Aquifer. Groundwater from the TMG Aquifer has proven to be young 
irrespective of borehole depth (Fig. 38). This is likely due to the fact that the extensive TMG 
Aquifer has a good fracture network allowing for relatively fast infiltration as well as uninhibited 
flow paths.  
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Figure 38 – Radiocarbon activity plotted against 
borehole depth per geological group. 
There appears to be a rough correlation between borehole depth and δ2H and δ18O values 
(Agyare-Dwomoh, 2020). For samples collected from the Malmesbury, Cape Granite, 
Bokkeveld and alluvial aquifers, the isotopic signatures for both δ2H and δ18O become 
increasingly depleted in the heavier isotopes as borehole depth increases (Fig. 39-A and B). 
This is likely due to the fact that shallow, subsurface water is more likely to be influenced by 
rainfall and is younger whereas the deeper boreholes are not. Increasingly negative isotope 
signatures at depths may be an indication of older water that has been recharged in a colder 
climate by precipitation that is relatively depleted compared to modern day precipitation 
(Koehler et al., 2000). This, however, does not hold true for TMG groundwater. TMG samples 
are scattered and seem to have a more random distribution regardless of depth. As the areal 
extent of the TMG Aquifer is quite vast and the aquifer outcrops at various elevations and 
geomorphological structures, the scattered distribution of isotope values for TMG groundwater 
is subject to a number of isotopic effects which include the continental, altitude and rain-out 
effects (Dansgaard, 1963; Diamond, 1997; Diamond, 2000).  
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Figure 39 – Borehole depths compared to isotopic compositions of A) δ²H and B) δ18O (Agyare-
Dwomoh, 2020). 
 
5.4.1.2 Groundwater Chemistry  
Groundwater chemistry data is also able to provide rough indications of groundwater 
residence time. pH values of rainwater typically fall within the range of 5.0 – 5.5 (Smith et al., 
1984). It is therefore expected that samples with shorter residence times will have pH values 
similar to that of rainwater whereas samples with longer residence times have higher pH 
values as the groundwater has interacted with the host rock allowing for the dissolution of OH- 
ions. Rocks from the TMG, however, are dominated by silicate minerals. Dissolution of silica 
will decrease pH through the formation of silicic acid (H4SiO4) and H+/H3O+ ions (Appendix III). 
The groundwater in the TMG Aquifer system, however, is often young, not having spent 
enough time in the system to significantly alter its chemistry. Porous quaternary sands which 
host the alluvial aquifers also contain a great deal of silica. The water in these aquifers also 
tend to be more recently recharged (Hay et al., 2015). Modern water initially possessing low 
pH values, coupled with the chemistry of the aquifer host, result in pH values that tend to be 
more acidic.  
Silicate weathering, however, is slower than the weathering of carbonate-bearing minerals 
(Lacroix et al., 2017) which are more abundant in the Malmesbury, Bokkeveld and Witteberg 
Groups. Ca2+ and Mg2+, which are most often associated with CO32-, both increase in 
groundwater as time increases. Ca2+, however, increases at much higher rates than Mg2+ 
(likely a higher proportion of CaCO3 than MgCO3), resulting in an exponential increase in 
Ca/Mg ratios in the groundwater as measured radiocarbon increases. Carbonate dissolution 
also causes an exponential increase in HCO3- (a function of alkalinity), which in turn linearly 
increases pH (Fig. 40). The addition of Ca2+ and Mg2+, however, may not be solely from the 
A B 
Stellenbosch University https://scholar.sun.ac.za
Groundwater Residence Time | 91 
 
Z. Harilall  2020 
host rock. It may be derived from the soil, naturally or artificially, as carbonates are often used 
in agricultural practices to reduce soil acidity. Although the granites possess a considerable 
amount of silica in both quartz and feldspar, they more readily produce HCO3- through the 
hydrolysis of feldspar, resulting in a larger range of pH values. As mineral dissolution and the 
subsequent change in pH occurs progressively over time, Ca/Mg ratios, HCO3- concentrations 




Figure 40 – Measured radiocarbon activity plotted 
as a function of A) Ca/Mg ratios; B) HCO3- 
concentrations and C) pH. 
It is important to note that an increase in ‘dead’ carbon (carbon that does not contain any 
measurable 14C; from HCO3- and CO32-) dilutes the measured radiocarbon. As a result, the 
measured 14C may not necessarily reflect the true residence time and requires some 
correction (sect. 5.1.2). When pH is compared to the corrected radiocarbon activity (Fig. 41), 
a linear increase can still be observed in many instances, but instead a wider range of ‘input’ 
pH values exist. This may be attributed to factors such as soil chemistry that may affect the 
water chemistry as it enters the saturated zone before eventually entering the groundwater 
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fertilizers, which is then countered through the use lime/limestone to neutralise the soil. The 
resulting trends in both measured and corrected radiocarbon activities, lead pH to be used as 
a qualitative indicator of both residence time and radiocarbon activity, although it would be 
better suited to the latter. 
 
Figure 41 – Corrected radiocarbon activities 
compared to groundwater pH. 
5.4.1.3 Distance from the Coast  
When measured radiocarbon activity is compared to δ2H and δ18O, two distinct groupings can 
be identified (more prominent in Fig. 42-A). The first group consists of samples that plot below 
-25 o/oo δ2H and between -4.5 and -7 o/oo δ18O and are referred to as isotopically “light” or 
depleted in the heavier isotope. The second group is comprised of samples that plot above -
25 o/oo δ2H and -5 o/oo δ18O and are referred to as isotopically “heavy” or enriched in the heavier 
isotope. These two groupings can be attributed to the partitioning effect of the Cape Fold Belt 
(Fig. 43). 
 
Figure 42 – Radiocarbon activity per aquifer plotted against A) δ2H and B) δ18O can be divided into two 
groups (separated by dashed black line). 
A B 
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Cold front systems originating in the South Atlantic Ocean to the south west of the country, 
bring rain to the west coast during the winter months (Du Plessis and Schloms, 2017). As a 
cold front system moves from the coast towards the interior, the heavy isotopes preferentially 
rain out first. Through the process of Rayleigh fractionation, the evolving water vapour system 
becomes increasingly depleted of heavy isotopes as it moves from the coast further inland. 
The heavier isotopes favour the liquid phase and are removed from the system in the form of 
the precipitation. The resultant weather system as well as the falling precipitation become 
isotopically lighter each time a packet of water, i.e. rain is removed. Samples that are relatively 
enriched in the heavy isotope are located to the west of the North-South trending limb of the 
Cape Fold Belt (CFB). This region is much closer to the sea, from areas like Cape Town, 
Strand, Stellenbosch and Franschhoek. The isotopically light samples are from sites to the 
east of the CFB, and include Robertson, De Doorns, Barrydale, Villiersdorp and Ceres 
amongst others. In part, two distinct groupings may be due to the fact that no samples were 
taken on the peaks of the CFB. The mountainous regions receive high amounts of rainfall and 
the need for groundwater is minimal, so boreholes are exceedingly rare. 
 
Figure 43 – Map illustrating how the Cape Fold Belt (CFB) (dashed black line) divides samples into two 
regions of generally isotopically ‘heavier’ (left) and isotopically ‘lighter’ (right). The black arrows indicate 
the general migration of a cold front system. 
Stellenbosch University https://scholar.sun.ac.za
Groundwater Residence Time | 94 
 
Z. Harilall  2020 
This is a well-documented process termed the ‘continental effect’ (Dansgaard, 1964). This 
trend is further substantiated by the graphs in Fig. 44-A and B below. These graphs illustrate 
how the isotopic signatures of both δ2H and δ18O become increasingly more depleted with 
increasing distance from the sea (Table 6) (Diamond, 1997; Diamond, 2014).  
  
Figure 44 – Stable hydrogen (A) and oxygen (B) isotopes becoming increasingly depleted with 
increasing distance from the sea. 
It was initially thought that the residence times would increase from the mountainous regions 
towards the coast as it is assumed that recharge occurs at high elevations and subsequently 
flows to low-lying near-shore areas. However, there appears to be no relationship between 
distance from the coast and groundwater residence time as the measured radiocarbon activity 
ranges from 11 to 110 pMC regardless of coastal distance or the isotopic composition. This is 
likely due to the fact that samples were taken from multiple aquifers in multiple catchments 
across an extensive area. Sampling along a suspected flow path within a single aquifer and 
catchment may yield an increase in residence time from mountain zones to discharge zones 
and further targeted sampling and analysis of radioisotopes is necessary to test this theory.
A B 
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6 RELATIONSHIP BETWEEN RESIDENCE TIME AND GROUNDWATER 
RECHARGE 
The noble gas data and groundwater residence times (sect. 5, Table 8) can provide insight 
into more than just turnover time of groundwater in an aquifer system. Noble gas 
concentrations provide insight into recharge temperatures and as a result, locations. 
Additionally, the helium data can also provide indication of mixing between groundwater and 
crustal or mantle components. Discrepancies between apparent 3H/3He and 14C ages, which 
have been established in section 5.2, provide an indication of groundwater mixing as the water 
ages and moves along a flow path. These groundwater interactions are discussed in the 
section below.  
6.1 Groundwater Recharge Temperatures 
Solubility curves for noble gases He, Ne, Ar, Kr and Xe have long been established using 
Henry’s Law (Potter and Clynne, 1978). Noble gas solubilities are temperature dependent with 
solubility generally decreasing as temperature increases (Appendix IV). Through the use of 
groundwater noble gas concentrations and estimated recharge elevations, it is possible to 
determine the temperature of groundwater recharge as well as entrapped air per litre of water 
being recharged (1 litre = 1 kg). 
Recharge elevations are assumed to be the high-lying mountainous regions for each 
catchment as this is where the bulk of groundwater infiltration occurs (Scanlon, 2002; Watson 
et al., 2018). Calculated values for entrapped air (A) and recharge temperatures (NGT) were 
evaluated according to Aeschbach-Hertig’s model (1999, 2000). Fit to the model is 
represented by a chi2 value (Table 12). Samples with chi2 values tending to zero are ideally 
suited whereas values exceeding 3.0 are not suited to the Aeschbach-Hertig model. Chi2 
values exceeding 3.0 are not necessarily indicative of unreliable data but rather that it is not 
suited to the model.  
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The recharge elevation model sometimes produces unrealistic solutions when fitting noble gas 
concentrations to recharge temperatures for groundwater. Problematic solutions are 
commonly associated with high A values (>100 cm3/kg), high temperatures as well as high 
errors obtained from the algorithm. Issues are related to and caused by a deviation in noble 
gas concentrations, particularly elevated Ar combined with decreased Xe (Jung et al., 2013). 
Deviations in noble gas concentrations (caused by degassing or excess air) less than typical 
measurement uncertainties are already sufficient to create problematic solutions to the model 
(Aeschbach-Hertig et al., 2008; Jung et al., 2013). Groundwater samples from warmer regions 
or areas where infiltrating groundwater contains a high amount of entrapped air, tend to be 
particularly sensitive to deviations (Jung et al., 2013). 
Samples ROB001, GRB001 and KB002 are considered to have impossible recharge 
temperatures as their NGT’s exceed 56°C. ROB001 and GRB001 are associated with 
elevated Ar whereas KB002 has the lowest recorded Xe concentration in the sample set. It is 
possible that these samples may have issues regarding measurement errors as Ar solubility 
should decrease with increasing temperature. Two of these samples have already been 
marked as unreliable through the evaluation of their helium concentrations (ROB001, 
GRB001). It is possible that the inaccurate recharge temperature for KB002 is due to an 
incorrect assumption of where recharge occurs and hence its recharge elevation. The model 
is quite sensitive to changes in parameters. 
Excluding impossible recharge temperatures for samples ROB001, GRB001 and KB002 
(temp > 56°C), recharge temperatures have been calculated to range from 9.4 – 28.6 °C and 
chi2 values range from 0.0 – 3.1 (Table 8). To evaluate the realistic noble gas temperatures, 
historic mean daily temperature and rainfall volumes were compared for four weather stations 
on the SASSCAL network (Muche et al., 2018). Automated weather stations (AWS) at 
Porterville (122 mamsl), Elgin (311 mamsl), Cape Town (46 mamsl) and Dwarsberg 
(Stellenbosch, 1 214 mamsl) were chosen. Temperatures for Porterville and Dwarsberg have 
the highest and lowest recorded temperatures, respectively and range from 5.4 – 34.1°C (?̅? = 
17.7) and -1.1 – 26°C (?̅? = 11.4). Temperatures for Elgin and Cape Town are more moderate, 
ranging between 2.6 – 29.9°C (?̅? = 17.7) and 5.0 – 29.8°C (?̅? = 11.4), respectively. As the 
groundwater samples in this study are collected from a large area (Fig 16), stations were 
chosen on the basis of the time range of available temperature and rainfall data as well as 
locations that would best represent the dataset as a whole. 
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The station located in Porterville would be more or less representative of continental regions 
which are semi-arid, experience temperature extremes and receive less rainfall. This station 
can be compared to sites in Ceres, Barrydale and De Doorns. The weather station in Elgin is 
located closer to the coast at an intermediate elevation, likely receiving more rainfall. The 
Cape Town station is located at a low elevation, proximal to the coast and experiences a more 
temperate climate. This station would be particularly useful in comparing samples from the 
Peninsula and will have comparable weather to areas like Somerset West. The last station in 
Dwarsberg, is located at a high elevation which typically receives higher rainfall volumes. Due 
to the variety in locality of the weather stations, the temperature and rainfall data may not be 
completely accurate for each sample but will be representative of most.  
The interception volume – the volume of precipitation that effectively contributes to 
groundwater recharge – varies for each aquifer as it is dependent on a number of factors 
which include porosity and permeability/fracturing of the rock body, soil type, vegetation cover, 
elevation, topography, etc. The interception value for exposed bare rock of the TMG in high-
lying areas is likely to be low (~5 mm or possibly less) whereas recharge in valleys where 
dense vegetation covers geology of the Malmesbury, may require more than 5 mm of rainfall. 
An average rainfall volume of 10 mm is assumed to contribute to recharge across all six 
aquifers to some extent. The temperature recorded during rainfall events exceeding 10 mm 
(further referred to as recharge events) is recorded for each month over the entire time series. 
The number of rainfall events and the percentage they constitute of all 10 mm+ events are 
recorded as well (Table 13). Additionally, these 10 mm rainfall event temperatures (dark blue 
circles) are compared to daily mean temperatures (light blue lines) (Fig. 45). 
Daily mean temperatures possess a much larger range in values than the range for 
temperatures during which recharge events occur. For all for stations, the majority of recharge 
events occur during May – August whereas the least number of events generally occur during 
December – February. This indicates that recharge occurs mainly during winter (May – Aug; 
58 – 65%) although there is some contribution during summer (Jan – Dec; 9 – 14%). Although 
a percentage of recharge does occur during summer months, the temperature is raised and 
precipitation is subject to evaporation, so it is not sure how much recharge these events 
actually contribute to groundwater. 
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Despite similar time ranges for the Porterville and Elgin stations, it is evident that there are 
less recharge events recorded in the arid Porterville region. The Porterville station, which is 
located at the base of the Groot Winterhoek Mountains, experiences the greatest range in 
temperatures during recharge events across the four weather stations as temperatures range 
between 8.7 – 22.0°C. The highest elevation station, Dwarsberg, is associated with the coldest 
temperatures during rainfall, which range between 4.3 – 10.4°C. Despite having the shortest 
time range data of the four stations, the number of recharge events during this period indicate 
that the Dwarsberg station receives the highest volumes of rainfall. The Dwarsberg station 
also receives the highest percentage of rainfall events during summer (~14%). The Cape 
Town airport station has the longest running weather station and has moderate recharge event 
temperatures between 10.3 – 17.1°C. A large percentage of the rain that falls in this region is 
likely to quickly infiltrate into the alluvial aquifer. Similar to Cape Town, a mean temperature 
range of 8.0 – 18.6°C is recorded for the intermediate elevation Elgin station. 
After evaluation of the climate data, the noble gas temperatures determined for the samples 
are both possible and reasonable. Elevated regions are associated with lowered temperatures 
and high volumes of rainfall, whereas the opposite is true for low-lying areas. As a result, it 
can be assumed that lowered noble gas temperatures (~9 - 15°C) indicate recharge sourced 
from mountainous regions during winter. As the highest recorded temperature during recharge 
events does not exceed 18°C at Dwarsberg, it is unlikely that the recharge source for 
groundwater samples with warmer temperatures (15°C – 30°C) are these mountainous 
regions. As temperatures at the valley (low elevation) stations have larger ranges as well as 
a considerable number of recharge events, it is likely that these groundwater samples have 
been recharged by precipitation that falls in the valley. This introduces the idea that while the 
bulk of recharge occurs in the mountains, recharge also occurs much further along the 
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Table 13 – Mean monthly temperatures recorded when rainfall events exceed 10mm as well as the 
number of <10mm rainfall events that occur across the timescale for A) Porterville, B) Elgin, C) Cape 











Jan 19.3 1 0.57
Feb 22.0 9 5.11
Mar 18.1 10 5.68
Apr 14.3 10 5.68
May 14.3 18 10.23
Jun 12.4 38 21.59
Jul 10.0 34 19.32
Aug 8.9 20 11.36
Sep 8.7 13 7.39
Oct 16.0 3 1.70
Nov 16.1 10 5.68













Jan 18.2 13 2.90
Feb 16.5 8 1.78
Mar 16.5 11 2.45
Apr 13.2 34 7.57
May 13.7 39 8.69
Jun 9.7 85 18.93
Jul 8.0 77 17.15
Aug 8.4 74 16.48
Sep 8.7 42 9.35
Oct 12.0 28 6.24
Nov 13.3 24 5.35













Jan 9.7 18 4.40
Feb 10.4 7 1.71
Mar 8.5 22 5.38
Apr 7.5 26 6.36
May 7.4 39 9.54
Jun 5.6 71 17.36
Jul 4.9 58 14.18
Aug 4.3 68 16.63
Sep 5.2 35 8.56
Oct 6.3 24 5.87
Nov 7.5 28 6.85
Dec 6.2 13 3.18
6.2 409 100.00
Dwarsberg
Elevation: 1 214 m
2013 - 2019
Month







Jan 12.9 13 2.06
Feb 15.7 18 2.86
Mar 17.1 23 3.65
Apr 15.3 49 7.78
May 14.0 91 14.44
Jun 12.1 112 17.78
Jul 10.3 112 17.78
Aug 10.5 96 15.24
Sep 12.6 38 6.03
Oct 14.1 33 5.24
Nov 16.4 29 4.60
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Figure 45 – Mean temperatures (light blue lines) and temperatures 
for precipitation events greater than 10 mm (dark blue dots) for A) 






Relationship between RT and GW Recharge | 102 
 
Z. Harilall  2020 
6.2 Groundwater Mixing 
Based on the isotopic measurements and resultant residence times, a simplified model for 
groundwater flow in the TMG Aquifer is presented in Fig. 46. Measurements in this study 
confirm a spatial component to isotopic ratios in the respective aquifers, particularly based on 
their elevations. Assumptions are made on a large scale due to the areal extent of the study, 
based on tritium and radiocarbon activities as well as noble gas recharge temperatures. On a 
micro-scale within a catchment, there may be greater refinements that allow for the 
identification of mixing between individual samples. However, this is not possible in this model. 
This model builds on possible mixing within the TMG suggested by Turner (2018).  
The model assumes that bulk recharge to the TMG is primarily through direct recharge of 
infiltrating precipitation in mountainous regions. The precipitation then infiltrates into either the 
soil, where it is subject to evaporation, or fractures in bare rock which is often exposed. 
Groundwater moves along the fracture network of joints and faults, progressively aging with 
increasing depth. Groundwater may discharge shortly after recharge in the form of cold springs 
(A), as is the case for the Drakenstein springs (sect. 5.2.1.3, Fig. 34). Boreholes proximal to 
the recharge zone (B) will have high 14C and 3H activities, showing good correlation between 
calculated residence times for the two dating systems, as is the case with the majority of TMG 
samples. The bulk of precipitation that falls in the recharge zone becomes run off that joins 
stream flow and is subject to evaporation. Base flow may also contribute indirect recharge to 
the aquifer. This, coupled with additional smaller packets of water from valley rainfall contribute 
additional recharge to the aquifer. Although these additional packages of water are relatively 
small, there is evidence indicating that they indeed contribute to groundwater recharge 
(Watson et al., 2018; Turner, 2018). This younger water may mix with the initial recharge water 
which is much farther along its flow path and consequently, much older. A borehole sampled 
at this point (C), further from the recharge source, will have a discrepancy in apparent ages 
between the noble gas and 14C dating methods as is evident in samples VD003 and KB002. 
Mixing between water bodies of significantly different ages is suspected for the Witteberg, 
Bokkeveld, CGS and Malmesbury aquifers. 
Additionally, groundwater that has infiltrated to great depths will increase in temperature 
because of the thermal mass of the rock body through which is passes. Once this water hits 
a large fault, contact, or unconformity, it flows upward and discharges at the surface in the 
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form of a thermal/hot spring (not pictured). This is the case with the Montagu and Citrusdal 
thermal springs (Diamond and Harris, 2000; Lambrakis and Kallergis, 2005). Inter-aquifer 
mixing is also suspected in some parts of the TMG as the aquifer is thought to contribute 
indirect recharge to the Malmesbury Aquifer (Watson et al., 2018). 
Mixing scenarios for groundwater in other aquifers are expected to be similar where the oldest 
groundwater component is derived from precipitation in the mountainous regions, 
subsequently picking up smaller packages of younger groundwater as it moves along its flow 
path. This is substantiated by noble gas temperatures which indicate that recharge does not 
solely occur at high elevations. Recharge in the alluvial aquifer (particularly the Cape Flats 
aquifer), however, is sourced from the recharge that falls in the region. The porous material 
which is covered by little vegetation, allows for large amounts of infiltration into the shallow 
aquifer. Consequently, high hydraulic conductivities and short flow paths result in groundwater 
containing high 3H and 14C contents in the area (D). 
  
Figure 46 – Assumed mixing model within the TMG Aquifer indicates that bulk recharge occurs at high 
elevations and colder temperatures with additional recharge at lower elevations and higher 
temperatures; automated weather stations (ASW, red diamonds) of Dwarsberg (Db), Elgin (EG), 
Porterville (PV) and Cape Town (CT) are included in the conceptual diagram as a visual reference as 
their elevations and regional geology are comparable. 
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6.3 Crustal Assimilation (4He Contribution) 
He and Ne concentrations in the groundwater also provide insight into the evolution of 
groundwater along its flow path. It is particularly useful in distinguishing whether there has 
been addition of 4He from the crust or the mantle. Before introduction into the groundwater 
system, water becomes equilibrated with air and has He and Ne concentrations similar to that 
of air. After it gets incorporated into the groundwater system, there is no longer atmospheric 
contribution and He is only altered through 3H decay and interaction with either the crust or 
mantle. 
Interaction with the mantle will increase both the 3He/4He and 4He/20Ne ratios as the mantle 
has 3He/4He concentrations close to 7 times higher than the atmosphere (Bayon et al., 2008). 
Interaction with the crust, however, will lower the 3He/4He ratio while increasing the 4He/20Ne 
ratio as 4He is added from the crust. Although 3He is formed through the decay of 3H as the 
groundwater ages, this is miniscule in relation to the 4He concentrations. No mantle 
contribution is expected in this dataset as the average crustal thickness in the Western Cape 
is 42 km (Qiu et al., 1996), too thick to result in mantle interaction.  
 
Figure 47 – 4He/20Ne concentrations as a function of 3He/4He ratios (R/Ra); three end 
members of air, crust and mantle are compared to the groundwater samples (white 
diamonds). 
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The 4He/20Ne graph (Fig. 47) indicates three end members: air/air saturated water (R/Ra = 
0.983; 4He/20Ne = 0.253) (Bellani et al., 2015), the crust (R/Ra = 0.02; 4He/20Ne = 1 000) (Bayon 
et al., 2008) and the mantle (R/Ra = 6.62; 4He/20Ne = 1 000) (Mikhail et al., 2019). Bands of 
ranges for the convecting upper mantle (CUM) and the subcontinental lithospheric mantle 
(SCLM) are provided (Mikhail et al., 2019). All samples plot closely along the mixing line (black 
dotted line) between air/air saturated water and the crust. If there was sole mixing with the 
mantle, there would be a mixing curve between air and the mantle end members similar to the 
curve between air and crustal values. If both crustal and mantle interactions occur, the 
samples would plot between all three end members. The well constrained array of data 
between air/air saturated water and the crust indicates there is no mantle He contribution in 
any samples. 
 
Figure 48 – Mixing of aquifer samples between air/air saturated water and the crust is 
represented by y = 0.3222x-0.837(R2 = 0.9728). 
Bokkeveld sample BD001 plots slightly to the right of the mixing line indicating excess helium 
in the sample (Fig. 48). Small percentages of excess air in the sample can be corrected as 
atmospheric noble gas concentrations are known whereas degassing of samples is hard to 
correct for as it is uncertain how much dissolved gas has been lost. As a result, excess air in 
BD001 has been corrected for and the calculated age is reliable. 
Samples from the TMG Aquifer have R/Ra values closer to air/air saturated water indicating 
that there was little time for the samples to incorporate crustal helium into their chemistry (Fig. 
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48). Of the TMG samples, however, it is apparent that sample GRB001 does not plot along 
the mixing line. It is suspected there has been degassing from this sample as it has lower 
concentrations than solubility equilibrium causing it to deviate to the left of the mixing line. 
Degassing may occur when biogenic gases exsolve or when there is a decrease in pressure 
(Aeschbach-Hertig et al., 2008). Hence, degassing may have occurred during sampling as a 
consequence of not tightening the clamps properly. It may also be an issue during sample 
preparation as it is admitted to the preparation line before entering the mass spectrometer. 
The samples are incredibly sensitive to any input from or loss to the atmosphere. As a result, 
this is not a reliable age.  
Samples with the lowest R/Ra values have the highest 4He/20Ne ratios indicating that 
considerable time has elapsed since these groundwater samples have been infiltrated into the 
aquifer and have since incorporated 4He from the host rock. Samples from the Malmesbury 
and Bokkeveld aquifers, which have been identified as fairly old, tend to plot further along the 
mixing line, away from atmospheric concentrations. The TMG and alluvial aquifers, however, 
tend to have higher R/Ra values indicating less time has elapsed since recharge has occurred. 
As these low R/Ra values are associated with low 4He/20Ne ratios, these younger samples 
have had smaller contributions of crustal 4He to the groundwater. 
6.4 TMG Aquifer as an Exploitable Resource 
Despite the heterogeneity in hydraulic properties of the TMG Aquifer, groundwater samples 
collected from the aquifer in this study have produced reasonably similar chemistries and 
residence times. While not attempting to constrain flow paths within the TMG, but rather the 
turnaround times for groundwater in the system, findings are similar to those of previous 
studies (Weaver et al, 1999; Miller et al., 2017; Turner, 2018), which have all determined the 
TMG to have relatively short residence times. Of the samples measured for the aquifer, very 
few indicate mixing of young and old water (VD003, DD002, Table 11). This suggests that the 
turnover time for the TMG is relatively quick compared to that of other aquifers in the study 
region. This is evidenced by a large number of cold springs that flow throughout the year. It is 
possible that anomalous samples which yielded slightly longer residence times, may be 
sampled from pooling within the aquifer where there is limited interconnectivity of the fracture 
network. 
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Groundwater abstraction is already taking place from boreholes in recharge zones that 
possess very young waters. Such is the case for samples C001 and VD004 which returned 
apparent ages as young as 0.3 and 1.4 years, respectively. Large scale abstraction in the 
recharge zones will most likely hinder groundwater flow to areas further along the flow path.  
The TMG coincidentally also dominantly occurs within farming regions which likely constitute 
the largest percentage of TMG groundwater users. An increased population would likely result 
in the expansion of the agricultural sector as well, further straining groundwater supplies. 
There are already reports of localised depletion within the aquifer. There has been abstraction 
for decades in the Kamanassie region through the Klein Karoo Rural Water Supply Scheme. 
Long records for a production borehole in the Vermaaks wellfield report that groundwater 
levels have been declining from as early as 1984, reporting a 90 m decline by 2009 (Jolly and 
Kotze, 2002). In 1993, after a series of step-tests, geohydrologists estimated 24-hour 
production yields for the wellfield to be on the order of 72 L/s. The quick decline in water levels 
led to the adjustment of these values several times. In 2000, after the revision of historical 
data and new step tests, the long-term yield of the wellfield was estimated to be 8.5 L/s (Kotze, 
2000). Despite a reduction in abstraction rates from this wellfield, the situation could not be 
remedied as it is believed that there has been an overestimation of recharge rates to the 
aquifer and subsequently, its sustainability (Duah, 2010).  
Yields of TMG boreholes have often been over-estimated as ‘blow yields’ have been assumed 
to represent true yields of the boreholes. Blow yields from shallow boreholes into the TMG 
surely exceed sustainable yields (Jolly, 2002). Storativity of the aquifer may also have been 
overestimated as previously established storativity values of 5 x 103 (Rosewarne, 1984), 2 x 
102 to 1 x 103 (Mulder et al., 1995), were derived from high yielding boreholes which lie directly 
adjacent to a fracture zone (Jolly, 2002). As a result, this is not representative of the entire 
aquifer, especially boreholes that are distal to big fractures (Jolly, 2002). 
Multiple studies confirm that the Western Cape will become drier in the near future, with an 
increased prevalence of drought (Midgeley et al., 2005; Hewitson and Crane, 2006; Lumsden, 
2009; Abiodun et al., 2017; Pinto et al., 2018). The 2014 – 2017 drought provided a valuable 
lesson in that the City cannot solely rely on surface water for supplies. However, just as the 
surface water is dependent on precipitation, so is groundwater from the TMG Aquifer. 
Increased abstraction, coupled with the very likely decrease in precipitation, will likely diminish 
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recharge supplies to the TMG. Quick turnaround times established in this study, imply that the 
TMG is more vulnerable to climate change than initially thought.  
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7 CONCLUSION 
In the section below, the important findings of this study are summarised and presented. To 
summarise the extensive work provided in the thesis, the research aims are addressed 
objective by objective. This section further discusses limitations and shortcomings in the 
project. As the study was conducted over a large areal extent, within multiple catchments and 
a number of aquifers, there is definitely room for improvement. Based on issues encountered 
in this study, recommendations for further work are discussed should this study be continued 
or a similar one, conducted.  
7.1 Research Aims 
Key Objective 1: To characterise 3H and 14C activities of groundwater in the TMG Aquifer and 
its surrounding aquifer systems. 
 
High 3H/3He ratios and 14C activities are indicative of young groundwater and low 3H/3He ratios 
and 14C activities are characteristic of older groundwater whereas discrepancy between the 
two isotope systems, is an indication of mixing. 3H/3He ratios and 14C activities are relatively 
high for the TMG and alluvial aquifers whereas 3H/3He ratios and 14C activities show a high 
discrepancy for the Witteberg, Bokkeveld, CGS and Malmesbury aquifers which is an 
indication of mixing within these aquifers. Although mixing of modern and older groundwater 
can be identified in samples, mixing between individual aquifers cannot. Despite the use of 
multiple chemical tracers, it was difficult to differentiate between samples collected from 
different subaquifers within the TMG as there were no distinct groupings. Field chemistry (EC, 
pH, alkalinity) as well as ionic concentrations were close to uniform across the aquifer system. 
As a result, the TMG Aquifer was distinguished from the other aquifers relatively easily but 
aquifer units within the system could not be differentiated from one another. 
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The spatial distribution of 3H/3He and 14C activities suggests that samples with the youngest 
ages are generally located in the mountainous regions. The exception to this, however, would 
be the young alluvial samples in the Stellenbosch valley. The porous alluvium allows for the 
relatively easy infiltration of precipitation, resulting in high 3H/3He and 14C activities and 
consequently, younger waters at lower elevations. Further analysis of noble gas recharge 
temperatures, which range between 9.4 – 28.6°C, confirm that the bulk of recharge occurs in 
the mountains at lower temperatures, but there is additional groundwater recharge at higher 
temperatures along the flow paths toward the valleys. 
 
Key Objective 2: To calculate residence times of groundwater within the TMG and its 
surrounding aquifers. 
 
Groundwater from the TMG Aquifer is generally characterised by high activities of both tritium 
and radiocarbon, resulting in groundwater residence times of less than 130 years. Only a 
single sample from the aquifer yielded a radiocarbon age of 1.6 ky, however, its noble gas age 
revealed a residence time of 23.4 years, indicating mixing of water bodies with different ages. 
Of the groundwater sampled from the TMG, mixing of modern water with significantly older 
groundwater, is relatively uncommon within the aquifer, suggesting that the turnaround time 
for water in the aquifer is reasonably short.  
Groundwater from the alluvial aquifers are also quite young with good agreement between 
noble gas and radiocarbon ages. Both dating systems place the bulk of residence times 
calculated for the alluvial aquifer to be less than 70 years old whereas a single sample 
produced a radiocarbon age of 1.8 ky. The other aquifers (Witteberg, Bokkeveld, CGS and 
Malmesbury), however, indicate significant mixing of modern and older waters as there is less 
agreement between radiocarbon and noble gas ages. All groundwater samples from the 
Witteberg (6.7 ky), Bokkeveld (1.2 – 6.0 ky) and Malmesbury (4.0 – 11.1 ky) aquifers yielded 
radiocarbon ages in excess of 1 200 years whereas noble gas ages range between 45.5 – 
84.7 years where 3H/3He dating was possible. 
Although analytical precision of 3H/3He dating decreases linearly with distance toward the 
coast and a decrease in apparent age, the dating system remains more accurate than 14C 
Stellenbosch University https://scholar.sun.ac.za
Conclusion | 111 
 
Z. Harilall  2020 
dating. With radiocarbon age calibration, the greatest concern in age determination is the 
accuracy of the radiocarbon correction. Ages of older ground waters are likely to have 
increased error in calculated residence times due to the assumptions made regarding changes 
in δ13C along the flow path. Because the approach in correcting the δ13C values for the 
Malmesbury Aquifer did not work, this is the aquifer where the ages are most likely to show 
variance from true residence times. The approach in assuming initial δ13C soil values was 
ineffective as this assumed δ13C values would be ~ -60‰ whereas δ13C of soils typically range 
between -35 to -10‰. Residence times calculated using soil δ13C values of -19.5‰, however, 
resulted in calculated residence times ranging between 4.0 – 11.1 ky. This corresponds well 
to previous studies which place groundwater residence times between 2.5 – 9.4 ky. Due to 
overall good agreement between the two dating systems and comparison to previous work for 
both the Malmesbury Aquifer and the other aquifers, it is likely that the corrections are 
reasonable. 
Although two dating systems were used to provide constraints on residence times in the study 
area, a number of other parameters were identified as potential proxies for groundwater 
residence time. Groundwater pH serves as the best indicator of ground water residence time 
as pH values increase linearly as the groundwater ages. Ca/Mg ratios and HCO3- 
concentrations also tend to increase as groundwater ages due to the dissolution of carbonate-
bearing minerals. Borehole depth was identified as a potential proxy for all of the sampled 
aquifers except for the TMG Aquifer which had young apparent residence times, irrespective 
of their borehole depth. 
 
Key Objective 3: To evaluate the vulnerability of TMG groundwater to future climate change. 
 
Through various methods of the assessment, it has been determined that the TMG Aquifer 
possesses young groundwater (<130 years) over a large extent of the system. This is 
corroborated by a number of previous studies conducted in localised regions of the aquifer, 
particularly Cape Town, Paarl, Agter-Witzenberg and Verlorenvlei. As a result, the aquifer is 
likely quite sensitive to changes in weather patterns, i.e. climate change. Periods of water 
stress when surface water supplies are diminished, is most likely when water supplementation 
from the TMG Aquifer will occur. During these periods, recharge to the aquifer system will be 
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lower. Reductions in groundwater recharge and increased abstraction may cause 
groundwater depletion in a relatively short time span. These factors need to be taken into 
consideration before wide-scale use of groundwater in the TMG occurs, as unsustainable 
abstraction could relatively quickly cause the aquifer to become a non-renewable water 
resource. 
The TMG, however, can be sustainably managed if groundwater abstraction is closely manged 
against recharge to the aquifer. Due to the aquifer’s highly fractured nature, favourable outcrop 
and vast areal extent, as long as there is regular and sufficient rainfall that is equal to the 
volume abstracted, the TMG Aquifer can provide a large volume of water to the City of Cape 
Town. The residence times calculated for the TMG Aquifer indicate that with proper 
management, resources from the TMG have vast potential for future use. Sustainability of the 
TMG Aquifer inevitably depends on good governance of the resource. 
7.2 Recommendations for Further Work 
Due to the fact that tritium in rainfall is highly variable across the country, a uniform 3H input 
should not be assumed for all catchments. As tritium concentrations in rainfall will be lower in 
coastal regions of the country than in their interior counterparts, regular sampling of rainfall 
should take place in multiple areas of the study area. This should be done so that 
measurements are representative of the sample sites as a whole and can be applied to isotope 
studies throughout. Insight into the variability of the input tritium concentration will enable 
better understanding of measured concentrations, quantifications of recharge and if used 
without its daughter product, 3He, residence time. This will also be particularly helpful as the 
GNIP data has been sparse over the last few decades, making comparison to available data 
quite difficult. 
As 14C dating involves many assumptions to calibrate activities to model ages, further work 
should incorporate eliminating the guesswork behind calibration. This, however, would involve 
working within smaller catchments of the aquifer where flow paths and recharge areas have 
been constrained. As stricter constraints on soil δ13C will limit the variability in the dilution 
factor (q) of radiocarbon activity, δ13C samples should be taken of soils along the flow path, 
particularly at recharge sites. Additionally, as bomb peak radiocarbon has declined but not 
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completely decayed out of the atmosphere, 14C activity should be measured from groundwater 
proximal to the recharge zone to provide constraints on modern input 14C activity.  
Groundwater ages that have been resolved by 3H/3He are considered to be young (<100 
years) whereas groundwater ages derived from the 14C dating system are considerably older 
(>500 years). Due to the fact that most samples have significant measured activities for both 
tracers, it can be assumed that most groundwater bodies are characterised by a mixture of 
differently aged packages. The issue, however, arises in that radiocarbon dating in this study 
has proven difficult in instances where the carbon content is low, particularly in the TMG. In 
instances where radiocarbon content could not be determined, the total carbon content of 
young samples in this study suggest that the radiocarbon activity is likely to be 80 pMC (<2 
000 years) and higher. As a result, groundwater on the younger end of the spectrum cannot 
be accurately dated with radiocarbon. Due to this, an age gap exists between the two dating 
systems where groundwater samples cannot be reliably dated (Fig. 49).  
39-argon (39Ar) is abundant in the atmosphere and is an excellent hydrological tracer due to 
its conservative nature (Chen et al., 1999). 39Ar has a half-life of 269 years and can reliably 
date ground waters with residence times between 70 – 1 000 years (Corcho Alvarado et al., 
2007; Welte, 2011). It is possible that using 39Ar dating in conjunction with 3H/3He and 14C, 
would yield a different age than the other two tracers, further substantiating the idea of mixing 
along the flow path. Although Ar is abundant in the atmosphere, its solubility leads to low 
dissolved content in groundwater. Therefore, the complication in sampling 39Ar is that it 
requires large volumes of groundwater from which to extract dissolved gas for analysis as 
sample volumes are often in excess of 2 m3 (Corcho Alvarado et al., 2007). This, 
consequently, leads to longer sampling times (Welte, 2011). As argon is a noble gas, the same 
limitations to sampling apply as with the 3H/3He dating system. During sampling, groundwater 
needs to be isolated from the atmosphere.  
It is recommended that 4He be used as a secondary tracer to 14C. The calibration of 14C 
activities to model ages requires a number of assumptions which can often result in the over- 
or under-correction of ages by centuries to millennia. As 4He has a dating range which 
overlaps that of 14C (Fig. 49), the isotope can be used to support the correction of activities to 
ages as well as provide intermediate ages for which radiocarbon does not provide adequate 
resolution. Additionally, working with multiple tracers in a small but important catchment where 
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the TMG occurs (possibly the Franschhoek or Villiersdorp area), could provide a better 
quantification of recharge along the flow paths as well as mixing between different aquifer 
systems. 
 
Figure 49 – Dating ranges of various isotopes used in 
hydrological studies, black bars indicate reliable dating systems 
where grey bars indicate less reliable systems (Welte, 2011). 
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ZH18-SU001 Alluvial 35.78 0.07 0.03 4.64 37.70 18.91 9.99 38.98 2.48
ZH18-SU002 Alluvial 78.56 0.25 2.62 18.13 47.46 18.90 9.98 38.94 2.48
ZH18-SU003 Alluvial 54.52 0.35 0.01 15.76 61.37 10.27 7.48 38.09 4.36
ZH18-SW001 Alluvial 71.68 0.04 5.73 3.28 17.57 1.47 5.22 41.22 2.41
ZH18-SW002 Alluvial 84.04 0.17 9.83 20.43 42.70 5.11 10.08 49.34 3.05
ZH19-CPT001 Alluvial 105.73 0.02 24.79 36.86 5.61 31.25 15.64 56.76 3.55
ZH19-CPT004 Alluvial 123.04 0.01 11.49 30.59 10.49 17.60 11.25 62.74 3.66
ZH19-KR001 Alluvial 185.23 0.04 0.17 111.13 34.77 60.34 13.29 119.89 10.83
ZH19-STB001 Alluvial 62.54 0.87 0.01 2.45 10.37 5.22 4.74 39.92 3.25
ZH19-STB002 Alluvial 123.307 0.191 3.562 11.596 37.58 7.923 12.193 69.98 3.306
ZH18-ROB001 Witteberg 129.09 0.32 0.03 104.71 520.09 128.56 66.69 84.08 4.82
ZH18-BD001 Bokkeveld 151.35 0.30 0.01 280.98 161.89 105.37 83.48 84.08 4.93
ZH18-C001 Bokkeveld 52.75 0.14 0.05 231.36 79.67 60.22 19.59 53.99 9.23
ZH18-MON001 Bokkeveld 16.50 0.07 0.34 2.55 50.87 11.65 2.70 9.06 4.14
ZH19-CAL001 Bokkeveld 25.66 0.27 2.57 53.07 6.04 1.88 16.91 6.42
ZH19-CAL002 Bokkeveld 186.01 0.11 0.00 46.75 304.15 11.33 14.40 131.95 0.36
ZH19-VD005 Bokkeveld 210.45 0.47 0.06 41.23 345.14 26.00 25.35 154.54 0.77
ZH18-BD002 TMG 27.71 0.01 0.47 1.41 4.88 0.62 1.88 14.46 0.39
ZH18-C002 TMG 6.47 0.01 0.79 1.11 5.98 0.37 0.48 3.77 0.54
ZH18-DB002 TMG 12.58 0.02 0.64 1.07 4.27 0.31 0.92 7.06 0.17
ZH18-DB003 TMG 12.83 0.02 0.62 1.06 3.90 0.33 0.89 7.16 0.08
ZH18-DB004 TMG 12.64 0.02 0.69 1.03 4.39 0.30 0.92 7.17 0.09
ZH18-DD001 TMG 8.47 0.02 0.71 0.63 6.59 0.91 0.62 5.05 2.62
ZH18-DD002 TMG 6.43 0.01 0.56 1.47 13.18 0.34 0.28 3.80 6.25
ZH18-FH001 TMG 20.55 0.01 0.01 1.33 30.38 0.25 1.30 11.13 0.20
ZH18-GRB001 TMG 18.64 0.01 0.24 5.54 3.90 7.02 3.00 25.12 4.12
ZH18-KB001 TMG 27.74 0.07 0.74 4.10 19.89 2.70 2.19 17.96 2.73
ZH18-PE001 TMG
ZH18-VD001 TMG 17.76 0.01 12.38 1.63 4.51 0.85 2.06 11.68 1.72
ZH18-VD002 TMG 25.83 0.01 0.68 1.63 5.37 0.37 1.64 13.74 0.98
ZH18-VD003 TMG 16.68 0.03 4.93 0.97 7.32 1.73 1.88 8.63 0.98
ZH19-BK002 TMG 11.55 0.02 0.01 1.39 4.51 0.78 0.82 6.45 0.32
ZH19-CD001 TMG 88.99 0.05 8.84 2.05 0.00 2.08 7.85 44.77 2.20
ZH19-CD002 TMG 80.38 0.04 25.33 7.00 2.20 2.12 8.07 51.10 0.44
ZH19-CD003 TMG 79.42 0.04 26.19 7.79 2.20 2.01 7.75 50.23 0.36
Cations (mg/L)Anions (mg/L)
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ZH19-CD004 TMG 15.42 0.06 0.78 0.97 14.40 2.48 1.92 9.02 2.33
ZH19-CPT002 TMG 30.35 0.02 2.14 3.57 5.61 2.47 2.81 16.99 1.02
ZH19-CPT003 TMG 124.88 0.21 0.35 32.30 9.52 9.59 9.46 71.50 2.79
ZH19-CPT005 TMG 131.88 0.04 0.20 12.15 2.56 1.86 9.12 73.70 1.22
ZH19-CPT006 TMG 159.00 0.03 0.90 19.13 0.00 7.02 11.96 83.82 1.59
ZH19-FH004 TMG 21.59 0.01 12.20 1.05 2.68 1.31 2.26 15.01 0.42
ZH19-FH009 TMG 7.85 0.00 0.26 0.47 1.22 0.11 0.49 4.61 0.06
ZH19-KM001 TMG 46.79 0.01 1.01 6.35 2.20 1.31 3.18 27.53 0.80
ZH19-KM002 TMG 70.52 0.01 0.22 16.09 2.44 2.99 5.52 42.29 1.41
ZH19-KM003 TMG 56.07 0.00 31.29 26.84 7.81 6.19 3.00 46.30 6.22
ZH19-NY001 TMG 34.69 0.10 0.01 15.05 51.48 11.25 10.42 18.52 2.86
ZH19-PV002 TMG 11.07 0.01 0.17 0.99 3.29 2.04 0.87 6.95 0.16
ZH19-RV001 TMG 18.58 0.01 2.88 14.27 9.03 6.12 3.75 8.85 2.20
ZH19-SW003 TMG 90.17 0.70 12.03 10.25 7.06 11.13 72.26 2.43
ZH19-TM001 TMG 25.91 0.01 0.48 3.83 0.00 36.24 2.15 14.96 0.58
ZH19-VD004 TMG 42.94 0.01 1.20 2.20 6.47 1.82 2.86 24.38 0.62
ZH19-VD006 TMG 22.08 0.01 0.73 1.55 2.44 0.13 1.25 13.34 0.76
ZH18-FH003 Granite 26.55 0.09 2.71 0.97 34.04 1.86 1.42 10.24 0.63
ZH18-KB002 Granite 30.83 0.32 0.52 3.91 56.61 14.56 3.05 21.18 2.31
ZH18-R001 Granite 44.25 0.11 26.79 4.01 3.17 1.96 3.33 27.89 0.67
ZH19-BK001 Granite 6.64 0.05 0.18 0.98 13.54 2.31 1.37 4.94 0.43
ZH19-FH005 Granite 29.98 0.33 3.26 5.40 15.25 30.21 4.47 24.85 2.08
ZH19-FH006 Granite 7.49 0.02 0.08 0.98 4.64 1.82 0.83 4.89 0.67
ZH19-FH007 Granite 36.52 0.18 11.32 1.63 8.30 7.70 4.86 27.61 1.48
ZH19-FH008 Granite 26.63 0.13 25.39 1.43 8.54 8.70 5.70 24.04 2.93
ZH19-MAL001 Granite 252.86 0.08 7.99 19.75 58.44 17.11 26.41 116.46 6.59
ZH19-W001 Granite 145.15 0.10 15.13 14.55 11.47 7.82 15.92 78.27 6.18
ZH18-DB001 Malmesbury 21.06 0.12 0.18 1.91 22.45 3.62 2.43 13.35 0.28
ZH18-DK001 Malmesbury 142.24 0.51 1.11 17.00 259.98 47.61 25.51 103.16 1.04
ZH18-FH002 Malmesbury 19.45 0.14 0.08 1.94 93.33 18.24 1.74 23.74 3.40
ZH18-PV001 Malmesbury 95.66 0.08 1.28 6.85 110.04 3.72 8.46 54.51 2.22
ZH18-SV001 Malmesbury 30.36 0.12 0.01 6.32 28.79 8.30 2.28 17.93 0.24
ZH19-MB001 Malmesbury 172.01 0.08 0.03 29.41 242.05 10.66 12.31 109.06 3.49
ZH19-PAA001 Malmesbury 119.96 0.71 0.02 1.04 113.09 6.63 3.77 95.79 0.43
ZH19-RBK001 Malmesbury 129.85 0.09 5.69 22.02 103.46 55.04 14.14 54.59 0.79
Anions (mg/L) Cations (mg/L)
Table 14 Continued. 
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Table 15 – Inorganic and organic content of dissolved carbon in groundwater samples. 
 
Sample Name Aquifer TC TOC IC δ13C 
mg/L mg/L mg/L º/ₒₒ
ZH18-SW001 Alluvial 1.79 0.02 1.76 -15.7
ZH18-SW002 Alluvial 4.29 0.90 3.39 -10.1
ZH19-CPT001 Alluvial 2.73 1.55 1.19 -9.5
ZH19-CPT004 Alluvial 3.43 1.23 2.20 -10.7
ZH19-KR001 Alluvial 25.32 7.56 17.76 -10.7
ZH19-STB001 Alluvial 5.44 0.41 5.03 -15.9
ZH19-STB002 Alluvial -12.1
ZH18-ROB001 Witteberg 99.47 3.67 96.80 -5.2
ZH18-BD001 Bokkeveld 29.36 1.44 29.92 -6.7
ZH18-C001 Bokkeveld 10.33 3.62 6.72 -1.5
ZH18-MON001 Bokkeveld 10.31 0.38 9.93 -13.6
ZH19-CAL001 Bokkeveld 5.59 0.01 5.59 -18.3
ZH19-CAL002 Bokkeveld 10.89 0.28 10.61 -12.7
ZH19-VD005 Bokkeveld 28.24 1.43 26.81 -10.0
ZH18-BD002 TMG 0.67 -0.04 0.71 -12.9
ZH18-C002 TMG 2.04 1.33 0.71 -15.2
ZH18-DB002 TMG 0.69 0.00 0.69 -13.8
ZH18-DB003 TMG 0.83 0.16 0.67 -13.7
ZH18-DB004 TMG 1.07 0.41 0.66 -14.9
ZH18-DD001 TMG 2.26 0.97 1.29 -13.8
ZH18-DD002 TMG 2.30 0.43 1.86 -12.0
ZH18-FH001 TMG 1.56 0.70 0.86 -11.5
ZH18-GRB001 TMG 10.47 9.77 0.70 -17.5
ZH18-KB001 TMG 3.60 0.56 3.04 -14.7
ZH18-VD001 TMG 1.40 0.51 0.90 -13.5
ZH18-VD002 TMG 0.63 -0.07 0.70 -12.4
ZH18-VD003 TMG 1.06 -0.13 1.19 -12.0
ZH19-BK002 TMG 0.69 -0.01 0.70 -20.7
ZH19-CD001 TMG 1.39 0.72 0.67 -13.6
ZH19-CD002 TMG 4.79 1.07 3.72 -18.5
ZH19-CD003 TMG 1.34 0.59 0.75 -18.7
ZH19-CD004 TMG 2.24 -0.10 2.34 -17.5
ZH19-CPT002 TMG 1.51 0.03 1.48 -15.3
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Table 15 Continued. 
Sample Name Aquifer TC TOC IC δ13C 
mg/L mg/L mg/L º/ₒₒ
ZH19-CPT003 TMG 4.48 2.69 1.79 -12.2
ZH19-CPT005 TMG 0.76 0.11 0.65 -16.5
ZH19-CPT006 TMG 1.53 0.88 0.65 -14.5
ZH19-FH004 TMG 2.18 1.19 0.98 -16.0
ZH19-FH009 TMG 0.51 -0.17 0.67 -15.2
ZH19-KM001 TMG 0.99 0.21 0.78 -16.4
ZH19-KM002 TMG 2.28 1.20 1.08 -16.5
ZH19-KM003 TMG 3.67 0.99 2.68 -11.9
ZH19-NY001 TMG 9.97 1.57 8.40 -18.2
ZH19-PV002 TMG 0.88 0.16 0.72 -17.6
ZH19-RV001 TMG 3.03 0.22 2.81 -17.0
ZH19-SW003 TMG 15.43 0.81 14.62 -15.4
ZH19-TM001 TMG 13.59 12.92 0.67 -19.2
ZH19-VD004 TMG 0.79 -0.22 1.01 -18.7
ZH19-VD006 TMG 0.54 -0.15 0.70 -18.8
ZH18-FH003 Granite 5.90 0.28 5.62 -12.4
ZH18-KB002 Granite 9.41 0.18 10.22 -13.4
ZH18-R001 Granite 1.02 0.37 0.65 -14.6
ZH19-BK001 Granite 1.91 -0.36 2.26 -18.3
ZH19-FH005 Granite 17.21 0.65 16.57 -17.0
ZH19-FH006 Granite 3.68 2.28 1.40 -15.1
ZH19-FH007 Granite 6.49 0.17 6.31 -17.4
ZH19-FH008 Granite 7.44 0.06 7.38 -17.9
ZH19-MAL001 Granite 6.15 0.79 5.36 -14.4
ZH19-W001 Granite 4.75 1.02 3.73 -12.1
ZH18-DB001 Malmesbury 3.75 0.01 3.74 -12.0
ZH18-DK001 Malmesbury 49.43 2.67 47.76 -14.7
ZH18-FH002 Malmesbury 17.49 0.68 16.81 -17.2
ZH18-PV001 Malmesbury 4.20 0.10 4.09 -14.7
ZH18-SV001 Malmesbury 5.89 1.30 4.59 -25.5
ZH19-MB001 Malmesbury 41.69 1.75 39.94 -11.1
ZH19-PAA001 Malmesbury 12.92 1.05 11.88 -19.9
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APPENDIX III 
Dissolution of silica in groundwater to produce silicic acid and subsequently H3O+ (Bleam, 
2016): 
SiO2 (s) + 2 H2O (l) ↔ H4SiO4 (aq) 






Figure 50 – Noble gas solubility as a function of temperature (Moran et al., 
2004). 
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